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Abstract
Background: In 2007, the International Agency for Research on Cancer classified shift-work
involving circadian disruption as a “probable carcinogen.” One proposed pathway for this
relationship involves nighttime light exposure and subsequent decreases in melatonin production.
It is postulated that melatonin, a cancer-protective hormone, may influence patterns of sex
hormone production that in turn influence breast cancer risk. The purpose of this study was to
investigate the relationships between night shift-work history, melatonin and sex hormone levels
among shift-working women.
Methods: 82 pre-menopausal nurses who work a rotating shift pattern of two days (7AM-7PM),
two nights (7PM-7AM), followed by five days off participated in two study periods
approximately six months apart (in summer and winter), each taking place during a day shift of
the normal rotating shift pattern. Creatinine-adjusted melatonin metabolite concentrations were
measured from morning void urine samples, and estradiol, estrone, progesterone and prolactin
concentrations were measured from fasting blood samples taken at the same time. Other pertinent
information was collected by measurement (weight, height) and by self-report via questionnaire.
We examined melatonin-sex hormone relationships within each of two seasons, and across
seasons, to investigate two hypothesized latency periods for influences of melatonin levels on sex
hormones. Multivariate linear regression was used to explore relationships, with adjustment for
confounders including age and body mass index.
Results: An inverse relationship between melatonin and estradiol was suggested in winter (β = 0.13, p = 0.11), and a positive relationship was suggested for increasing estrone with increasing
melatonin tertile in summer (p = 0.07), after multivariate adjustments. Melatonin was not
associated with other hormones in either season. On investigation of a longer latency period,
melatonin in the first season was not associated with sex hormones in the second season. While
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those working night shifts for 20 years or more had higher mean levels of estradiol, estrone and
progesterone, results were not statistically different from those with a shorter history of night
work.
Conclusions: The results of this study do not provide evidence to support the proposed biological
pathway involving altered melatonin and sex hormone levels as intermediates between shift-work
and breast cancer risk.
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Chapter 1
Introduction
1.1 Breast Cancer
As the leading cause of cancer incidence and the second leading cause of cancer death
(1), breast cancer is a tremendous burden to the health and well-being of Canadian women. In
2010, 23,300 new cases and 5,400 breast cancer deaths are expected in Canada (1). Globally,
breast cancer is the leading cause of both cancer incidence and death among women (2). Despite
much research in the field of breast cancer etiology, the causes of this disease remain largely
unknown. With less than half of new cases explained by established risk factors (3, 4), there is a
continued need to search for additional etiologic influences.
1.2 Shift-work and Breast Cancer
In 2007, the International Agency for Research on Cancer (IARC) classified shift-work
as a probable carcinogen (Group 2A) (5) based on limited epidemiological evidence
demonstrating modestly increased risks of cancer of the breast (6-9), prostate (10, 11), colon (12)
and endometrium (13), and sufficient experimental evidence that demonstrated biological
plausibility for this link. The majority of research has focused on shift-work and the risk of breast
cancer, a hormonally dependent malignancy, as some of the earliest hypotheses upon which this
research is based were hormonal in nature (14, 15). Meta-analyses indicate that shift-workers are
at a statistically significant 40-50% increased risk of breast cancer (16, 17).
1.3 Potential Intermediates
A potential mechanism linking shift-work to increased breast cancer risk is by way of
irregular light exposure, specifically exposure to light at night (LAN) (18). The biological basis
for this hypothesis involves melatonin, a hormone whose production is suppressed by light
exposure (19) and which may have cancer-protective properties (20). As such, exposure to LAN
may increase breast cancer risk through reductions in melatonin (Figure 1.1).
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Figure 1.1 Shift-work and breast cancer risk – proposed biological pathway
Shift Work
Patterns

Light at Night

Melatonin

Breast Cancer
Risk

This conceptual pathway, as described in several reviews (6, 16, 17, 21, 22), has been
developed through the collection of epidemiological and experimental evidence. Epidemiological
studies have observed associations between shift-work, LAN, and increased breast cancer risk
(16, 17); between shift-work, LAN, and decreased melatonin levels (18, 23-25); and between
decreased melatonin levels and increased breast cancer risk (6, 26-28). Some of these
relationships have been validated in experimental studies, including direct carcinogenic effects of
exposure to LAN in animal models (29, 30), and cancer protective effects of melatonin in animal
models (31-36) and cell culture studies (31, 37, 37, 38). The strong experimental evidence as
described provides the most compelling evidence for the carcinogenicity of shift-work given the
clear biological plausibility for this pathway.
Despite this evidence, there is little consensus on exactly how melatonin confers breast
cancer protection. One potential mechanism involves interactions of melatonin with sex
hormones, originally described by Cohen in 1978 (14). This hormonal pathway is supported by
strong evidence for a relationship between melatonin and cancer of the breast specifically, given
the hormone dependency of this disease. Sex hormones play a critical role in the etiology of
breast cancer, with many of the strongest breast cancer risk factors believed to confer risk through
increasing cumulative lifetime exposure to these hormones (39-42). Increased endogenous sex
hormone levels have also been associated with increased breast cancer risk (43-47) and direct
carcinogenic effects of sex hormones have been demonstrated in mammary tissue (32, 48-50).
Interaction of melatonin with sex hormones are most well-known in seasonally breeding
species, where melatonin levels, influenced by season and daylight, control several aspects of
reproduction (51-53). Studies of human reproduction (21, 54-61) and experimental melatonin
trials (60, 62-66) have supported these relationships in humans under certain reproductive,
2

pathological and pharmacological conditions. Epidemiological studies have sought to characterize
these relationships in an observational setting which is of greater relevance to normal human
physiology; however, the results have been less than convincing (67-71).
1.4 Summary of Thesis Rationale
It is of primary importance to identify and understand the pathways linking shift-work
and LAN to increased breast cancer risk such that strategies may be developed to minimize health
impacts of this work schedule. One possible pathway involves melatonin and its inhibitory
influence on sex hormone levels. For this pathway to be scientifically validated, confirmation
from observational studies on humans, of more direct relevance to human health, is required.
Through elucidating a clearer biological model, evidence for the carcinogenicity of shiftwork, for which epidemiological research has been weak or inconsistent, may be better supported.
If increased sex hormone levels are considered an intermediate to increased breast cancer risk,
associations between altered melatonin production and sex hormone levels could add strength to
our understanding of this pathway. Improved knowledge and appreciation of these relationships
may enhance the magnitude and timeliness of policy responses towards the health of shiftworking women. With over 25% of Canadian working women performing regular shift-work at
some point in their lives (72), this is an important public health concern in need of further study.
1.5 Overview of Study Design
To examine potential relationships between melatonin and sex hormone levels, an
observational study of pre-menopausal nurses at Kingston General Hospital (KGH) was
conducted. These nurses worked a rotating pattern of two days (7AM-7PM), two nights (7PM7AM), followed by five days off. This thesis research was a sub-set of a larger observational
study lead by Dr. Kristan Aronson (73) that involved a series of seasonal study periods over two
years. Melatonin and sex hormone levels were measured from urine and blood samples,
respectively, provided by nurses in both winter and summer seasons. Covariate information was
collected by measurement (height and weight) and self-report via questionnaire and study diary.
3

1.6 Objectives
The primary goal of this thesis was to examine relationships between melatonin and sex
hormones among pre-menopausal rotating shift nurses. Cross-sectional relationships, within each
of two seasons, and longitudinal relationships, across seasons, were explored to investigate two
latency periods. Associations of night shift-work history and sex hormones were also assessed.
1.7 Thesis Structure
The chapters of this thesis consist of a literature review on the current state of knowledge
of shift-work, potential intermediates and breast cancer risk; a description of research
methodology; a manuscript formatted for Chronobiology International, additional results not
presented in the manuscript; and, a general discussion of main research findings that includes
strengths and limitations, comparisons to other studies, and suggestions for future research.
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Chapter 2
Literature Review
2.1 Introduction
This chapter begins with a brief overview of established breast cancer risk factors and a
description of the hormone-dependency of the disease. Shift-work is introduced as a probable
breast carcinogen and research on this link is evaluated. Potential biological models for this
relationship are described with a focus on melatonin and sex hormones as possible intermediates.
2.2 Breast Cancer Etiology
2.2.1 Established Risk Factors
Recognized breast cancer risk factors include demographic, genetic, lifestyle, and
reproductive characteristics. Beyond sex, age is the strongest risk factor, with risk roughly
doubling for every ten year increase in age until menopause (1). Family history also has a role,
with a recent pooled analysis of 52 epidemiological studies presenting statistically significant
relative risks of 1.8, 2.9, and 3.9 for women with one, two, and three affected first degree
relatives, respectively, compared to women with no family history (2). In terms of population
attributable risk, close to 10% of breast cancer cases are due to a family history of breast cancer
(3), with mutations in the tumor suppressor genes BRCA1 and BRCA2 believed to account for
most familial clustering (4, 5). Lifestyle factors with established etiologic influences include
obesity, physical activity, and alcohol consumption, and there are some differences in risk
depending on menopausal status (pre/post). Whereas post-menopausal obesity is believed to
double risk, pre-menopausal obesity appears to confer cancer protection (6). With this reasoning,
the risk reduction from physical activity is strongest after menopause, possibly through reducing
post-menopausal obesity (7). Studies have also demonstrated associations between alcohol
consumption and increased breast cancer risk in both pre- and post-menopausal women (8, 9),
with alcohol the only well-established dietary risk factor to date.
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Several important reproductive risk factors include early age at menarche, late age at
menopause, late age at first full-term pregnancy, low parity, and the use of hormonal medications
such as hormone replacement therapy (HRT) and to a lesser degree, oral contraceptives (OC) (1,
10). Other determinants of risk listed in a recent review include country of birth, personal history
of breast cancer, high breast density (risk estimates > 4.0), atypical hyperplasia of the breast, high
dose radiation to the chest, and postmenopausal high bone density (risk estimates 2.1-4.0) (11).
2.2.2 Reproductive Factors
Breast cancer is understood as a hormone-dependent malignancy, with sex hormones
playing a critical etiologic role. Carcinogenic influences of estrogen are explained through several
mechanisms including stimulation of breast epithelial cell proliferation (12), mutagenic properties
of estrogen metabolites (13-15), and to a lesser degree, through immunosuppressive effects (15).
Studies suggest that progesterone and prolactin may act synergistically with estrogen at the breast
epithelial cell to enhance proliferation and tumor development (16, 17).
Given this key role, several factors that increase breast cancer risk are believed to
augment lifetime exposure to sex hormones. Most obvious are the influences of ages at menarche
and menopause. A review (1) describes a three-fold increased risk of breast cancer for menarche
before the age of 11, and a two-fold increased risk for menopause after the age of 54, with these
risks conferred through increased lifetime ovulations and the associated prolonged exposure to
cycling ovarian hormones (10). There is also evidence that the reduction in lifetime ovulations
that occurs with increased parity and breastfeeding protects against breast cancer (11).
Obesity, physical activity, and alcohol consumption may also have roles in this hormonal
pathway. Regarding obesity, as adipocytes (fat cells) are the primary site of estrogen production
after menopause (18), post-menopausal obesity has been associated with a two-fold increased risk
of breast cancer (1). In contrast, risk reduction is observed with pre-menopausal obesity, which
may occur through reduced ovulatory frequency (10). Several hormonal mechanisms may explain
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the decreased breast cancer risk observed with physical activity, including delays in the age at
menarche, regulation of weight gain, and the control of bioavailable hormone levels (10). Further,
the increased breast cancer risk associated with alcohol consumption in both pre- and postmenopausal women acts most likely through increasing endogenous estrogen levels (8, 19-21).
Regarding endogenous sex hormone levels and breast cancer risk, a pooled analysis of
nine prospective studies of post-menopausal women involving 663 breast cancer cases reported
increased risks for increasing concentrations of several estrogen and androgen sub-types in blood
(22). These findings have been replicated in newer prospective studies that include more
ethnically diverse populations (23, 24). Studies have also demonstrated significant associations
between plasma prolactin levels and post-menopausal breast cancer risk (25). Among premenopausal women, the role of endogenous sex hormones is less clear. Associations have been
observed between increased estradiol (26, 27) and androgen (27, 28) levels and breast cancer risk;
however, the relations of different hormones and are not consistent across studies (26-29).
Nevertheless, these inconsistent results may be due to the highly cyclical nature of sex hormones
in pre-menopausal women and the associated difficulties with obtaining accurate measures (27).
Given the critical role of sex hormones as described, several breast cancer prevention
strategies have been developed to reduce endogenous sex hormone levels or to neutralize their
effects, including increased physical activity, decreased alcohol consumption, and reducing postmenopausal obesity (30). More drastic approaches include surgery and chemoprevention, targeted
specifically to highly susceptible women. Prophylactic bilateral oophrectomy (removal of the
ovaries) through the suppression of ovarian hormone production reduces breast cancer risk by 5070% (31). In fact, the discovery of the effects of this procedure by Beatson in 1896 was the
founding event in the recognition for a role of sex hormones in the etiology of this disease (32).
Selective estrogen receptor modulators (SERM) reduce the risk of estrogen-receptor (ER)
positive breast cancer by reducing estrogenic influence on breast cells (33). Aromatase inhibitors,
which block the major source of estrogen in post-menopausal women (34), are used for the
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prevention of breast cancer recurrence with potential for use as a general chemopreventive agent
(18).
Given the critical role of sex hormones as described, it is suggested that hormone
receptor positive vs. negative breast cancers are etiologically separate diseases, with sex
hormones and their associated risk factors playing different roles in each cancer sub-type (35).
2.2.3 Other Factors
Despite several etiologic influences identified thus far, fewer than half of new breast
cancer cases may be explained by established risk factors (3, 36). The discrepancy in breast
cancer incidence between developed and developing countries (37), while in part explained by
differences in disease detection and reproductive or lifestyle factors, has led some to suggest that
breast cancer is a disease of the modern, industrialized society (38), influenced by societal and
environmental exposures (39). In 1987, Stevens hypothesized that the increasing breast cancer
incidence in industrialized countries may be in part explained by the rising use of artificial light at
night (LAN) (40). This hypothesis has since been extended to include shift-work, brought about
in industrialized countries for the 24-hr provision of medical care and other services (41), as a
major source of LAN and probable breast cancer agent. As with other risk factors, evidence
suggests that the link between shift-work and breast cancer risk may be hormonally mediated.
2.3 Shift-work and Breast Cancer
The International Agency for Research on Cancer (IARC) recently classified shift-work
that involves circadian disruption as probable carcinogen (Group 2A) (42). Shift-work generally
refers to work outside of standard daytime work hours, either beginning before 6AM or ending
after 7PM (41), with some shift schedules believed to alter the body’s internal day-night
(circadian) rhythms (43). Most evidence of risk thus far has been observed for breast cancer, with
findings from both retrospective and prospective epidemiological studies, and summary risk
estimates quantified by meta-analyses.
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Case-control studies of shift-work and breast cancer have compared shift-work history of
breast cancer cases and healthy controls; with past shift-work assessed through employment- and
pension-based registries as well as by questionnaire and interview. A study of Norwegian
telegraph operators of the merchant navy, which assessed work history through a seamen
registry, reported a null or slightly increased risk of breast cancer (OR = 4.3, 95% CI 0.7-26) for
shift-working women (> 3 years) compared to women with no shift-work experience (44). Using
a similar approach, a Danish study found that women who spent at least six months at jobs that
involve regular night shifts had a statistically significant 50% increased risk compared to
population controls, with work history assessed through a national pension registry (45). A
register-linked case-control study nested within a Norwegian nurse registry also observed an
increased breast cancer risk (OR = 2.21, 95% CI 1.1-4.45) for nurses who had worked nights for
30 or more years compared to nurses who had not worked nights since nursing school (46).
Other retrospective studies have obtained more detailed shift-work histories through
personal interviews and questionnaires, although these exposure assessments may be less
objective and subject to recall errors. A questionnaire-based case-control study in the USA
observed an increased breast cancer risk (OR = 1.6, 95% CI 1.0-2.5) for women reporting having
ever worked the ‘graveyard’ shift (started work after 7PM and finished by 9AM) compared to
those who did not (47). In another interview-based case-control study nested in the Long Island
Breast Cancer Project, shift-work was actually cancer protective: ≥ 8 years of night shifts (at >1
night/ week) was associated with a 68% risk reduction (OR = 0.32 95% CI 0.12-0.83), and a
history of any overnight shift-work equated to a 45% reduced risk (OR = 0.55, 95% CI 0.32-0.94)
(48). Lastly, a recent case-control study, which assessed work history by telephone interview,
presented a possible increased breast cancer risk among long-term shift-workers (≥ 20 years; OR
= 2.48 95% CI 0.62-9.99), while having ever worked nights did not influence risk (49).
Two studies of shift-work and breast cancer risk nested within the Nurses Health Study
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(NHS) prospective cohorts observed statistically significant increased breast cancer risks for
nurses who reported working rotating shifts (have night shifts at least three times per month while
also working days and evenings) prior to their cancer diagnosis (50, 51). The first study, which
included both pre- and post-menopausal women, found that nurses who followed this shift pattern
for at least 30 years had a statistically significant 36% increased risk compared to non-shiftworking nurses (50). The second study, restricted to pre-menopausal women, found a statistically
significant 79% increased risk for nurses with at least 15 years of rotating shift experience (51).
Two more recent population-based cohort studies in Sweden (52) and China (53) found
no evidence for an association. In the first study, shift-work history was only approximated using
census data linked to a job-exposure matrix that identified jobs where shift-work was common
(52). This creates the potential for misclassification of shift-work experience, which if nondifferential, may have biased effect estimates to the null. The second study used a similar job
exposure matrix as well as questionnaire, yet neither assessment revealed associations of shiftwork and breast cancer risk including with analysis of long-term shift-work (20-30 years) (53).
Despite inconsistencies of research to date, some epidemiological studies as described
have observed increased risks of breast cancer among shift-workers, with the strongest and most
consistent evidence for longer term night shift-work (20-30 years) (46, 50, 51). Research has been
summarized in two meta-analyses, which present statistically significant summary risk estimates
of 40-50% increased breast cancer risk for shift-workers who are defined as “night-time workers”
(54) and “shift-workers” (including both night-time and rotating shift-workers) (55).
The conflicting results for associations between shift-work and breast cancer risk may be
in part explained by inconsistent definitions and assessments of shift-work history in different
studies. In April 2009, IARC convened a workshop to better define “shift-work” and to make
recommendations for improved exposure assessment in studies of shift-work and cancer risk (56).
It was recommended that shift-work be defined according to the level of displacement of the
work day from the natural solar day, and that when feasible, future studies should include aspects
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of shift-work duration, intensity, cumulative exposure and timing within an individual’s lifetime.
Such comprehensive exposure assessment tools may help to elucidate the carcinogenicity of shiftwork and may help to identify the most harmful aspects of shift-work such that healthier shift
schedules may be developed (57, 58).
It is important to note that the classification of shift-work as a probable carcinogen, while
based on limited or conflicting epidemiologic evidence, was supported by abundant experimental
evidence and biologically plausible models for carcinogenic potential, described below (42).
2.4 Potential Intermediates
2.4.1 Light at Night
One possible mechanism to explain the increased breast cancer risk observed in shiftworkers involves irregular light exposure patterns. In fact, research on shift-work and cancer was
originally stimulated by a hypothesis describing increasing exposure to artificial light at night
(LAN) as a possible explanation for increasing breast cancer incidence in industrialized countries
(40). Ecological studies have since revealed co-distributions of LAN and cancer incidence at the
population level, including breast, prostate, colon and lung cancers (59, 60). However, such “light
pollution” may simply indicate of other features of industrial life that are difficult to assess at the
ecological level, and so associations may be confounded. During typical shift-work schedules,
workers experience both abnormal amounts and timing of light exposure (61, 62), with LAN of
particular concern (63). Besides shift-work, epidemiological studies have revealed associations
between other indicators of exposure to LAN and breast cancer risk, including being awake late at
night, interrupted sleeping patterns, and greater nighttime residential light exposure (47, 48).
More direct evidence for the role of LAN comes from studies on the blind and in
laboratory animals. Research has shown a lower incidence of breast cancer among blind women
(64) and a dose-response relationship of decreasing cancer risk with increasing degree of visual
blindness (65). In laboratory studies where rodents are exposed to constant light, increased
mammary tumor incidence and growth are observed (66, 67). In one elaborate experiment of rats
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bearing human breast cancer xenografts, a dose-response relationship was observed for increasing
tumor growth with increasing light exposure (68).
The biological plausibility for LAN as an intermediate in the causal pathway of shiftwork and breast cancer is strong, as supported by the ‘melatonin hypothesis’ proposed by Stevens
in 1987 (40). This theory describes melatonin, a cancer-protective hormone, as the intermediary
link, with production of this hormone greatly suppressed by exposure to LAN (see Figure 1.1).
2.4.2 Melatonin
Melatonin is produced primarily by the pineal gland (69), which belongs to a larger
phototransductive system that organizes bodily functions and physiology to the 24h light-dark
(circadian) cycle (70). External signals of light and darkness are received by specialized
photoreceptor cells of the retina, which transmit this information to the suprachiasmatic nucleus
(SCN)of the hypothalamus, otherwise known as the ‘central biological clock’. Transmission of
these signals from the SCN to the pineal gland moderates the synthesis and secretion of
melatonin, with secretion enhanced by darkness and inhibited by light (Figure 2.1) (70).
Figure 2.1 Physiology of melatonin secretion

Brzezinski A. Melatonin in humans. N Eng J Med. 1997;336(3):186-95.(Reprinted with permission)
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Within the pineal gland, melatonin is synthesized from tryptophan through a series of
enzymatic reactions, outlined in Figure 2.2. The activity of the enzymes involved is stimulated by
‘dark signals’ received by the SCN (71). Upon synthesis and accumulation, melatonin passively
diffuses from the pineal gland to the bloodstream, where it quickly re-distributes to nearly all
body tissues (72). Within its target sites, melatonin conveys information on the daily rhythms of
light and darkness, allowing bodily functions to be synchronized to this cycle (73). Melatonin
levels may therefore be considered both an indicator and regulator of circadian rhythms (74).
Figure 2.2 Melatonin biosynthesis
Tryptophan
Tryptophan-5-hydroxylase

5-Hydroxytryptophan
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2.4.3 Light at Night and Melatonin Levels
With melatonin secretion enhanced by darkness, circulating melatonin levels rise and fall
throughout the night and day (70). The majority of melatonin is secreted at night, from 2-4AM,
with almost no day-time production (75). Despite large inter-individual variability in melatonin
secretion (76, 77), peak nocturnal melatonin levels have demonstrated stability within individuals
(78-80), with measures reasonably reproducible over a period of three-to-five years (63, 81). With
light as the major moderator of melatonin secretion, exposure to LAN has the potential to both
suppress nightly melatonin production and to alter the timing of peak melatonin secretion (69).
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Controlled experimental studies have assessed the impact of exposure to LAN on
melatonin levels in humans. One study in which human subjects were exposed to varying
intensities of LAN for one hour observed a robust dose-response relationship for suppression of
melatonin with light, with minimal suppression at light intensities within the domestic light range
(200 lux) and maximal suppression at the highest light intensities (2000-2500 lux, equivalent to
natural outdoor light conditions) (82). Other studies have shown similar dose-response
relationships and suppression of melatonin with domestic light intensities (83, 84).
Researchers are beginning to study these factors through epidemiological or biomarker
studies of shift-work nurses, which show significantly reduced melatonin secretion under
workplace circumstances of LAN exposure (79, 85, 86). These studies have assessed nightly
melatonin secretion through measurement of 6-sulfatoxymelatonin (aMT6-s), the primary
melatonin metabolite, in morning void urine (see Section 2.4.4). Yamauchi et al. (85) and Hansen
et al. (86) observed reduced aMT6-s levels among nurses when working nights compared to days
and during days off, and Schernhammer et al. (79) observed a significant inverse association of
aMT6-s levels and the number of nights worked in the two weeks preceding urine sampling.
Other biomarker studies have used direct measures of light intensity for more accurate
assessment of exposure to LAN. Grundy et al. (62) observed a significant association between
light intensity during sleeping hours and waking void aMT6-s levels among rotating shift nurses
at Kingston General Hospital. Further, aMT6-s levels were significantly lower among night vs.
day working nurses. Borugian et al. (61) found that shift-working nurses had irregular amounts
and timing of light exposure, as well as reduced melatonin during sleep compared to day workers.
In addition to reduced melatonin secretion, some studies have suggested that shift-work
and LAN may alter the timing of melatonin secretion, causing possible variations in the circadian
rhythms of melatonin production (61, 87-89). A recent review suggests that such variations in
rhythmic melatonin secretion among permanent night shift-workers do not completely re17

synchronize to the altered light-dark cycle (90). For example, although the timing of peak
melatonin production may be shifted, this shift may not coordinate entirely with the new
circadian phase of the shift schedule. As melatonin is a major synchronizer for the rhythms of
several downstream body functions and physiology, such disturbances in rhythmic melatonin
secretion may lead to imbalances between the day-night cycle and the body’s circadian timing,
(circadian disruption) (91). These results have raised questions of whether the relationship of
LAN and breast cancer risk is mediated through simple reductions in melatonin production, or
through more complex disruptions of the circadian timing system (92). Variations in circadian
rhythms of melatonin production with shift-work are not consistently observed across studies (62,
93, 94), and these results are likely dependent on the particular shift-work patterns studied. It has
been argued by our research group that several of the relationships observed in the literature
between shift-work and altered circadian melatonin production may be limited by the use of
functional as opposed to chronological time points for comparisons of melatonin level across shift
groups (62, 95). As such, differences in rhythmic melatonin secretion observed between groups
may be due to inconsistent times of day of sample collection and not true circadian variation.
2.4.4 Biomarkers of Melatonin
Endogenous circulating melatonin levels can be characterized by biomarkers in blood,
saliva and urine. Whereas blood and saliva samples can measure melatonin concentration
directly, urine samples can assess levels of the major melatonin metabolite, 6-sulfatoxymelatonin
(aMT6-s) (96). Although melatonin concentrations in blood are considered the gold standard for
assessment of circulating melatonin levels (96), research often seeks to capture other biologically
relevant measures such as total nocturnal melatonin output, peak nocturnal melatonin secretion
and variations in the rhythms of melatonin production. Such measures can be assessed using urine
and saliva samples, which are often more feasible than blood sampling. For example, as urinary
melatonin metabolites accumulate between excretions, aMT6-s levels measured from morning
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void urine are a reflection of both the nocturnal melatonin secretion peak (r = 0.68, p < 0.0001)
and the total nocturnal melatonin output (r = 0.74, p < 0.0001), with morning void levels
accounting for close to 70% of total circulating melatonin from the previous night (97, 98). The
sole urine sample required here is considerably more practical than the extensive blood sampling
that would otherwise be required to assess this cumulative dose. Likewise, for the
characterization of circadian variations in melatonin production, saliva measures are both highly
accurate and of improved feasibility compared to blood sampling (96).
2.5 Melatonin and Breast Cancer
Melatonin’s hypothesized role as an intermediate between shift-work, LAN and breast
cancer risk is supported by both experimental and epidemiological research. Whereas
epidemiological research has demonstrated correlations between melatonin and breast cancer risk
in humans, experimental studies using animal models and cell culture have demonstrated direct
anti-carcinogenic properties of melatonin and have also provided insight into the potential
biological mechanisms through which melatonin may confer breast cancer protection.
2.5.1 Experimental Evidence
Laboratory studies have implicated a strong protective role for melatonin in breast cancer
incidence and progression. In animal models, melatonin supplementation reduces the incidence
and growth of mammary tumors (12, 16, 99, 100), whereas melatonin depletion through constant
light exposure or pinealectomy (pineal gland removal) stimulates mammary tumor development
(101, 102). Further, the stimulatory effect of pinealectomy is attenuated by melatonin
supplementation (101). Strong evidence is also provided by studies of the human breast cancer
cell line MCF-7, where proliferation and invasiveness of these cells is suppressed by melatonin
(12, 103). Interestingly, these effects are strongest at peak physiological melatonin concentrations
(1nM) (103), and when the melatonin concentration of the culture media is changed every 12hr
(1nM night; 1pM day), replicating the human physiological melatonin cycle (104).
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2.5.2 Epidemiological Evidence
Several epidemiological studies have examined the association between melatonin and
breast cancer risk. Case-control studies have observed reduced morning void aMT6-s levels
among breast cancer cases compared to healthy controls (105, 106). Inverse relationships have
also been observed between aMT6-s levels and tumor size (106), and malignancy status (107).
From an etiological perspective, these studies are limited by the assessment of melatonin levels
following breast cancer diagnosis and treatment, as it is unknown whether current melatonin
levels are representative of those prior to cancer development, of etiologic relevance.
A few case-control studies nested in existing cohorts and using stored urine samples are
not constrained by this temporality issue. These studies, nested within the Nurses Health Studies
(NHS) I/II, and the Hormones and Diet in the Etiology of Breast Cancer Risk cohorts, all
observed statistically significant 40-50% risk reductions for women with the highest vs. lowest
quartiles of morning void aMT6-s, with adjustment for other important risk factors (108-110).
Using similar methods, another study nested in the Guernsey III cohort found no association;
however, melatonin was characterized here by the total urinary aMT6-s output over 24hr, which
provides less information regarding both the amplitude and timing of melatonin production (111).
Epidemiological studies have also examined the role of melatonin in breast cancer
progression. A meta-analysis of 10 clinical trials of melatonin supplementation in solid tumor
patients shows significantly improved one-year survival across all cancers including breast (112).
2.5.3 Mechanisms of Cancer Protection
Melatonin may confer its cancer-protective effects through several molecular
mechanisms. One potential pathway involves inhibitory influences on sex hormone levels,
originally described by Cohen in 1978 (113). This hormonal mechanism is supported by strong
evidence for a relationship between melatonin and cancer of the breast specifically, given the
hormone-dependency of this disease, and is biologically plausible given the critical role of sex
hormones in the etiology of breast cancer (see Section 2.2.2).
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Other proposed cancer-protective properties of melatonin include antioxidant action,
immodulatory function and direct anti-mitotic and pro-apoptotic properties. A strong role for
melatonin in free radical scavenging (anti-oxidant) pathways has been proposed, which may
confer cancer protection through preventing oxidative DNA damage (114). In fact, these
properties apply not only to melatonin but also to the hormone’s secondary, tertiary and
quaternary metabolites (115) making melatonin a highly effective anti-oxidant, stronger even than
vitamin E, glutathione, and mannitol (114). Melatonin has also been shown to augment the
differentiation and activity of several immune cell types, which may enhance both the detection
and destruction of tumors by the immune system (116). Finally, other studies have suggested
direct anti-mitotic and pro-apoptotic activities for melatonin, potentially mediated through
upregulation of tumor suppressor gene p53 and downregulation of oncogene bcl-2 (117).
Intuitively, melatonin’s cancer-protective potential may rely on the amount of melatonin
secreted. Additionally, as melatonin receptor density and sensitivity vary through the circadian
cycle (118), the timing of melatonin secretion is important to the hormone’s downstream effects.
Besides suppressed peak melatonin secretion, phase-shifting of melatonin production may also be
important. This latter effect may confer breast cancer risk through other mechanisms than those
described including through alterations in the expression of clock genes (91).
2.6 Melatonin and Sex Hormones
Inhibition of sex hormones was one of the first hypotheses to explain melatonin’s cancerprotective effects (113). Interactions of melatonin and sex hormones are most well-known in
seasonally breeding species, where melatonin levels, influenced by seasonal changes in daylength, synchronize mating and birth to season (119-121). This is believed to occur through
melatonin’s action at receptor sites in the hypothalamic-pituitary reproductive axis (121-124),
where the hormone is proposed to inhibit both the pulsatile secretion of gonadotropin-releasing
hormone (GnRH) and the pituitary responses to this hormone, thereby indirectly downregulating
the production of sex hormones in the gonads (125). Down-regulation of sex hormone levels by
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melatonin has been observed in several mammalian species, both seasonally and non-seasonally
breeding (125-128).
Scientists have proposed similar seasonal influences of human reproduction (70, 128131), and relationships between melatonin and sex hormones have been observed in humans
under various reproductive and pathological conditions. Unusually high melatonin levels are
associated with anovulation, oophrectomy (134), and other abnormal ovarian functions (70, 132,
133). Further, relationships between melatonin and sex hormone levels have been observed at the
onset of puberty (70, 135) and menopause (134, 136). High affinity melatonin receptors have
been located at various points in the human reproductive axis, including in the hypothalamus,
pituitary (121) and ovary (137). Studies of breast cancer patients support these relationships as
they relate to cancer development: melatonin levels are significantly inversely related to the
hormone receptor content, and therefore the hormone dependency, of breast tumors (138, 139).
Experimental research has attempted to confirm relationships of melatonin and sex
hormones in animal models, cell culture studies and controlled human experiments. A few
epidemiological studies have also sought to characterize these relationships in an observational
setting, of greater relevance to normal human biology. Detailed evidence of these studies follows.
2.6.1 Animal Models
Studies on animal models have replicated many of the observations of seasonally
breeding mammals described above. In rats, mechanisms of melatonin depletion (pinealectomy or
constant light exposure) have been shown to enhance gonadal function (140), conceivably
through increases in sex hormone levels, whereas supplementation delays the onset of puberty
and the pubertal increases in sex hormones (141). In addition, melatonin administration in rats has
been shown to block ovulation and the associated surge of luteinizing hormone (LH) (142).
2.6.2 Cell Culture Studies
In addition to the indirect neuroendocrine mechanism described thus far, cell culture
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studies have proposed a second direct mechanism to explain melatonin’s regulation of sex
hormones and subsequent influence on breast cancer risk. This direct pathway occurs at the level
of the breast tumor cell, where melatonin may interfere with estrogen-mediated signaling. This
mechanism has been put forth based on findings from in vitro studies involving the human breast
cancer cell line MCF-7, as described in recent reviews (99, 143). In support of this pathway are
the following: anti-proliferative effects of melatonin are seen only in cells expressing the estrogen
receptor (12); estradiol-induced proliferation and invasiveness of these cells is inhibited by
melatonin (12, 144); sensitivity of these cells to anti-estrogens such as tamoxifen is enhanced by
melatonin (145); transfection of additional melatonin receptors potentiates melatonin’s antiproliferative effect only in cells expressing the estrogen receptor (146); and lastly, melatonin has
been shown to downregulate expression of the estrogen receptor (147, 148), and numerous
estrogen-regulated proteins, growth factors and proto-oncogenes (149, 150).
Taken together, these observations point to a role for melatonin in the tumor cell estrogen
signaling pathway. Proposed mechanisms of action include downregulation of the estrogen
receptor (ER) (147), and inhibition of the binding of the estrogen-ER complex to its DNA
estrogen response element (151). These potential mechanisms are unlike those of traditional antiestrogens (SERMs), which interfere with binding of estrogen to the ER at the cell surface (33).
2.6.3 Experimental Studies on Humans
Given the hypothesized role for melatonin in human reproduction as described above,
several trials have explored melatonin’s potential as a contraceptive agent. These studies have
observed decreases in estrogen levels and at times, inhibition of ovulation with pharmacological
doses of melatonin (152-154). Studies have also observed reduced LH (136, 153, 155, 156) and
progesterone (153) with melatonin administration. However, these results are not consistent
across studies (157, 158), and given the pharmacologic doses of melatonin used, it is unknown
whether these relationships observed in some studies also occur under normal human physiology.
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Besides melatonin supplementation, experimental studies in humans have also examined
the influence of controlled laboratory exposure to LAN or electromagnetic radiation (also
implicated in the melatonin hypothesis) on melatonin and sex hormone levels (157, 159). In one
study, while exposure to LAN suppressed nocturnal melatonin production, these changes were
not associated with alterations in estradiol production among 44 healthy young women (157).
Likewise, in another study where women were exposed to electromagnetic fields, decreases in
melatonin secretion were not accompanied by changes in sex hormones (159). In these studies, it
may be the case that such acute changes in melatonin secretion are not strong enough to elicit
subsequent measurable changes in sex hormones over the course of a night. It is possible that
chronic alterations in melatonin production, which may occur following long-term shift-work or
melatonin supplementation, are required to lead to measurable changes in sex hormone levels.
2.6.4 Observational Studies on Humans
While some experimental studies have indicated inverse relationships between melatonin
and sex hormones under certain laboratory conditions, few epidemiological studies have explored
these relationships in an observational setting, of greater relevance to normal human physiology.
In the first study to examine these relationships, Danforth et al. (138) observed no association
between melatonin and any of the hormones measured (estrone, estradiol, progesterone, FSH and
LH) among a group of pre- and post-menopausal breast cancer cases, healthy controls and highrisk controls (n = 93). Melatonin level was characterized by the day-to-night difference in serum
melatonin levels, and as such, may not have adequately captured the biologically relevant peak
nocturnal secretion. Furthermore, only bivariate associations were presented with no adjustments
for potential confounders which may conceal true relationships (see Section 2.6.6).
In a trial melatonin supplementation over peri-menopause, baseline melatonin levels
(prior to supplementation) from nighttime saliva samples were inversely correlated with FSH (r =
-0.322, p < 0.05) and LH (r = -0.314, p < 0.05) but were not related to estrogen, progesterone or
prolactin levels among the group of pre-, peri- and post-menopausal women (136). This study
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was similarly limited by the uncontrolled influences of potential confounding, and the assessment
of melatonin level from saliva samples, which is not ideal to capture peak melatonin production
(see Section 2.4.4). Further, given that many hormone-related breast cancer risk factors vary by
menopausal status (see Section 2.2.2), proposed relationships between melatonin and sex
hormones may also differ in post- vs. pre-menopausal women. By pooling these groups for
analysis, relationships may be more difficult to assess. Subsequent studies have examined
associations of melatonin and sex hormones among distinct menopausal groups and have
accounted for important confounders in the analysis.
One study, which sought to characterize changes in melatonin and estradiol over
menopause, found a strong inverse correlation between peak plasma melatonin and estradiol (r = 0.661, p < 0.0005) (134). Biological sampling at a consistent menstrual stage controlled for this
strong influence on sex hormone levels, and potential confounding effects of hormone medication
was prevented by excluding its use for one year prior to the study. However, this result was
restricted to a specific study subgroup of pre-menopausal women aged 40-50 years (n = 25).
Relationships between melatonin and sex hormone levels have also been investigated in
the NHS cohorts, with adjustment for several other health, lifestyle and reproductive variables.
The first of these, published in 2004, involved 80 pre-menopausal women who had not used
hormonal medications for six months (79). Morning void aMT6-s levels were associated with
bioavailable estradiol (circulating estradiol not bound to plasma proteins; r = -0.25, p = 0.05), and
progesterone (r = 0.31, p = 0.01) levels measured during the luteal menstrual stage; although
these relationships were slightly attenuated and no longer significant after adjustment for age and
BMI. No association was observed between aMT6-s and total estradiol (bioavailable and proteinbound), estrone or prolactin levels, as measured during the luteal stage. Despite these findings,
women who reported 15 years or more of rotating night shift-work had higher levels of total,
bioavailable and free estradiol (+14.3%, p = 0.04; +29%, p = 0.03 and +29%, p = 0.02,
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respectively) compared to women with no night shift experience. No association was observed
between melatonin or night shift history and luteal estradiol, estrone or progesterone levels.
In 2006, the same group published a second study involving an additional 384 women,
also mostly premenopausal and belonging to the NHS (160). Although this study no longer
excluded the use of hormonal medications, information on their use and on alcohol consumption,
physical activity, and several breast cancer risk factors was available and adjusted for in the
analysis. A statistically significant but weak association was observed between aMT6-s level and
overall estrone sulfate levels (r = 0.13, p = 0.02), and a step-wise decline in follicular estradiol
levels with increasing quartiles of aMT6-s was suggested (p = 0.07).
More recently, these relationships have been explored among 206 post-menopausal
Japanese women (161). Despite controlling for the influences of hormonal medications and
menstrual cycle stage (subjects were post-menopausal and use of hormonal medications was
excluded), no association was observed between morning void aMT6-s (defined by tertiles) and
any sex hormone assayed (estrone, estradiol, testosterone and DHEAS ) after adjustments for age,
BMI, smoking status, alcohol intake and day length. It is possible that influences of melatonin on
sex hormone production are more relevant to pre-menopausal women given the greater role of
ovarian steroid production prior to menopause. Nevertheless, years of night work was associated
with increased estrone (p = 0.03) and having worked nights in the three years prior to study was
statistically significantly associated with increased estrone and estradiol (p-values not reported).
2.6.5 Limitations of Observational Research
Despite some convincing evidence for relationships between melatonin and sex hormones
in humans under certain reproductive, pathological and pharmacological conditions, the results of
observational research exploring these relationships are less convincing. Many studies are limited
by small sample size, the pooled analysis of pre- and post-menopausal women, and uncontrolled
influences of potential confounders. However, it is possible that under normal conditions (i.e.
minimal exposure to LAN), melatonin is not associated with sex hormones. As it is of interest to
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know whether these relationships mediate the shift-work-cancer link, it may be more relevant to
study groups who perform regular shift-work or who have greater LAN exposure. Given the
changes in melatonin experienced under these conditions, great extremes in exposure variability
are likely and may aid in the statistical identification of melatonin-sex hormone relationships.
An additional limitation of studies to date is the examination of only cross-sectional
relationships, as acknowledged by Schernhammer et al. (160): “a potential limitation of our study
is its cross-sectional nature”; and by Nagata et al. (161): “the cross-sectional relations between
serum estrogens and urinary melatonin levels may not fully reflect the long-term effects of
exposure to light at night on estrogen and melatonin.” As peak nocturnal melatonin secretion has
demonstrated stability within individuals (65, 82), it is assumed in several studies that melatonin
measures used to explore cross-sectional relationships are representative of long-term melatonin
and that those relationships observed are representative of long-term influences of melatonin on
sex hormones. However, seasonal differences in melatonin secretion have been described (119,
162, 163), and it is therefore possible that cross-sectional melatonin measures are representative
of levels for a more limited seasonal period. Longitudinal studies that measure melatonin and sex
hormones across seasons may therefore provide additional information to these relationships.
It is biologically plausible that changes in melatonin levels have a delayed effect or
latency period in influencing sex hormone levels. This has been suggested by experimental
melatonin trials in humans. In one trial, the daily administration of pharmacologic doses of
melatonin (300mg) lead to significantly decreased plasma progesterone and estradiol levels after
four months use, compared to levels during the first medication month or to those of
nonmedicated controls (153). In another study, the daily administration of physiological doses of
melatonin (2mg) resulted in significantly decreased plasma estradiol levels after six months use,
compared to baseline concentrations (154). In investigating proposed relationships of melatonin
and sex hormones, it may therefore be important to consider possible latency effects.
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2.6.6 Potential Confounders
Factors that may influence both melatonin and sex hormone levels include OC use (164167), age (70,134,168), BMI (79,160,169), smoking (160,168-170), alcohol (168,171) and
caffeine intake (156,176,177), physical activity (79,168,172-175), and time of day (70, 168, 177).
Many of these variables have opposing influences on sex hormone and melatonin levels,
and there are some differences for the relative importance of acute vs. long-term influences.
Studies have demonstrated anti-estrogenic effects of current smoking in premenopausal women
(178, 179) whereas both current and long-term smoking (cumulative pack-years) have been
related to reduced melatonin (160). Likewise, current average alcohol consumption has been
associated with increased sex hormone levels (168, 179), yet both acute (last 24-hr) (180) and
long-term (171) intake have been related to reduced melatonin. Average daily caffeine intake has
been associated with decreased sex hormone levels (181) and caffeine trials have observed
similar reductions in melatonin (156, 176, 177). In terms of physical activity, average higherintensity exercise completed per week has been associated with reduced sex hormone levels (79,
168) yet increased melatonin levels (79). Melatonin levels are also influenced acutely during and
immediately following physical activity (172, 173). Lastly, melatonin and some sex hormones
show diurnal variation, with levels tending to peak at night (70, 177, 182) or early morning (168).
Other variables are predictive of either melatonin or sex hormone levels only. For
example, medications such as diuretics, NSAIDs, beta-blockers and sedatives have been shown to
influence melatonin (161, 183, 184), but no influence of these medications on sex hormones was
identified in the literature. On the other hand, variables highly influential of sex hormone levels
include menstrual cycle stage (167, 168, 185) and pregnancy/ lactation (168, 186), yet it is
unclear whether these variables influence melatonin (128, 132, 165, 187). Nevertheless, given
their strong influences on sex hormone levels, potential confounding by these variables should
not be overlooked. In addition, recent food consumption appears to influence both prolactin (188)
and possibly estradiol levels (168), but has no reported influence on melatonin secretion.
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Figure 2.3 Conceptual Model
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2.7 Summary of Rationale
The conceptual model linking shift-work, LAN and melatonin levels to an increased
breast cancer risk (Figure 2.3) has been proposed through the compilation of epidemiological and
experimental evidence. Epidemiological studies have observed relationships between shift-work,
LAN and increased breast cancer risk (45-48, 50, 51, 54, 55, 189); between shift-work, LAN and
decreased melatonin levels (61, 63, 89, 190); and finally, between decreased melatonin levels and
increased breast cancer risk (108-110, 189). Some of these relationships have also been observed
in experimental studies, including direct carcinogenic effects of LAN in animal models (66, 67),
and direct cancer-protective effects of melatonin in animal models (12, 16, 99-102) and cell
culture studies (12, 103, 103, 104). It is the robust findings of experimental research to date,
including several biologically plausible mechanisms, which enabled the classification of shiftwork as a probable carcinogen by IARC despite some limitations in human evidence. Many of
these proposed biological models await demonstration in humans to further substantiate the
carcinogenicity of shift-work, and to determine the relevance of these pathways to public health.
One potential mechanism for the shift-work breast cancer link involves inhibitory
influences of melatonin on sex hormone production. Despite evidence for the role of melatonin in
reproduction and regulation of sex hormones in other mammals (119-121, 125-128), and for
relationships between melatonin and sex hormones in humans under various reproductive,
pathological (70, 128-130, 132, 133, 135, 136) and experimental (136, 152-156) conditions,
observational studies have produced less convincing results (79, 134, 138, 160, 161). For
proposed influences of melatonin on sex hormone levels to be scientifically validated, greater
confirmation from observational studies on humans, of more direct relevance to normal human
physiology, is required.
An identification and understanding of the pathways linking shift-work and LAN
exposure to increased breast cancer risk is of critical importance to the development of strategies
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to minimize health impacts of this work schedule. Additionally, establishing a stronger biological
model for this conceptual pathway will assist in supporting the overall hypothesis for the
carcinogenicity of shift-work. With over 25% of Canadian working women performing regular
shift-work at some point in their lives (41), this is an important public health concern in need of
further study.
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Chapter 3
Methods
3.1 Study Objectives and Hypotheses
The main purpose of this thesis was to examine relationships between melatonin and sex
hormone levels among a group of pre-menopausal shift-working nurses, with the specific
objectives to:
1. Describe the seasonal distributions of sex hormone (estradiol, estrone, progesterone,
prolactin) concentrations in blood, and urinary melatonin metabolites levels among
premenopausal nurses:
Hypothesis: melatonin levels were hypothesized to be highly variable with mean levels variable
by season given differences in day-length and natural light exposure. Sex hormone distributions
were anticipated to be highly variable due to differences in personal and reproductive factors.
Seasonal variability in sex hormones was expected if such findings were evident for melatonin.
2. Examine cross-sectional relationships between melatonin and sex hormone levels, within
each of two seasons:
Hypothesis: given experimental evidence and proposed biological pathways, melatonin levels
were hypothesized to be inversely related to sex hormone levels.
3. Investigate potential longitudinal relationships between melatonin and sex hormone levels
across seasons:
Hypothesis: influences of changes in melatonin on sex hormone levels may require a certain
latency period, given evidence from melatonin supplementation in humans. The change in season
was predicted to cause changes in melatonin levels which would, in turn, lead to changes in sex
hormone levels following a seasonal latency period.
4. Examine associations between night shift-work history and sex hormone levels:
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Hypothesis: given the proposed biological pathway, duration of night shift-work history was
suspected to be positively associated with sex hormone levels.
3.2 Overview of Study Design
To examine potential relationships between melatonin and sex hormone levels, an
observational study of pre-menopausal shift-working nurses at Kingston General Hospital (KGH)
was conducted. This thesis research was a sub-set of a larger observational study, Occupational
and other factors as determinants of melatonin levels among rotating shift nurses (1), lead by Dr.
Kristan Aronson. The purpose of this larger study, funded by the Workplace Safety and Insurance
Board of Ontario (WSIB), is to determine the relationships of light exposure patterns, physical
activity, and other factors with melatonin levels among shift-working nurses, with the goal of
identifying modifiable determinants of melatonin levels as intermediates in the pathway to
cancer. The general methodological details of this study (“WSIB study”) are described below.
3.3 WSIB Study
3.3.1 Study Population
Female rotating shift-work nurses were the source population for the WSIB study.
Female registered nurses and registered practical nurses, recruited from KGH, were eligible for
study participation if they followed the standard full-time rotating shift-work pattern of two 12-hr
days (7AM-7PM), followed by two 12-hr nights (7PM-7AM), followed by five days off. The
focus on rotating shift-work nurses in this study was based on the predicted influence of LAN and
the subsequent changes in melatonin levels. Exclusion criteria included pregnancy or lactating in
the past six months and current use of melatonin supplements. These criteria were used to restrict
the influences of strong predictors of melatonin levels not of interest to the study.
A total of 123 subjects were accrued from a pool of approximately 700 full-time rotating
shift-work nurses at KGH, from April 2008 to February 2009. The study was advertised by
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information letters that were sent to all full-time nurses and by presentations, information booths,
and posters displayed throughout the hospital. Eligibility and exclusion criteria were described in
all study advertisements such that women could self-select for participation. From this method of
selection, it is unknown how many of the approximately 700 full-time rotating shift-work nurses
at KGH were eligible for study recruitment but chose not to participate. As such, the typical
“response rate” cannot be calculated.
Interested subjects were advised to contact the study coordinator and a brief interview
was arranged to provide information regarding study participation and informed consent. Prior to
interview, subjects were provided a consent and study guide as well as all study materials.
3.3.2 Data Collection
Subjects were asked to participate in four separate data collection periods, each 48-hr in
duration and lasting over the course of two consecutive day or night shifts, in both summer and
winter. Nurses were recruited for study participation in two cohorts due to limited numbers of
study instruments such as light intensity meters and pedometers. Cohort A, recruited in the
summer of 2008, completed summer data collection first (during May-Aug 2008), followed by
winter data collection (Oct-Dec 2008). Cohort B, recruited in the winter of 2008/09, completed
winter data collection first (Dec 2008-Mar 2009), followed by summer data collection (Apr-Jun
2009) (Figure 3.1). Within each season, subjects took part in both day shift and night shift data
collection periods, with the order of these based on convenience.
Figure 3.1 WSIB data collection periods
Cohort A
Summer
May-Aug 08
2 day
shifts

2 night
shifts

Cohort B
Winter
Oct-Dec 08
2 day
shifts

2 night
shifts

Winter
Dec 08-Mar 09
2 day
shifts

2 night
shifts

Summer
Apr-Jun 09
2 day
shifts

2 night
shifts
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Upon study enrollment, subjects completed a questionnaire for personal information and
a history of health, lifestyle and employment characteristics. During each study period, subjects
completed a diary to obtain information on recent physical activity, lighting conditions while
sleeping, smoking, alcohol and caffeine consumption, use of medications, and sleep duration/
timing; wore a light data meter to record ambient light exposure; wore a pedometer to record
physical activity; and provided timed urine and saliva samples for the assessment of melatonin
biomarkers at fixed time points. In addition, self-identified pre-menopausal subjects were
requested to provide an eight-hour fasting blood sample during the day-shift study periods in each
season, with these restrictions based on cost. Blood samples were collected for the validation of
melatonin biomarkers measured in urine, and for the assessment of other biomarkers of interest
such as sex hormone levels (not part of the original WSIB objectives). Additional funding for the
analysis of sex hormones was granted from Breast Cancer Action Kingston (BCAK) (2).
3.4 Thesis Research
3.4.1 Study Population
This thesis research used a sub-sample of the WSIB study; specifically, pre-menopausal
participants for who blood samples were collected (for the assessment of sex hormones). In total,
94 pre-menopausal women consented to participate in the WSIB study and were assigned a study
identification number. Of these, five dropped out of the study before taking part in any data
collection (two withdrew and three were lost to follow-up). Of the remaining 89 pre-menopausal
subjects who participated, two did not take part in the day shift study periods (the focus of this
thesis) and were therefore removed from the study sample. In addition, two women who did not
consent to provide blood samples and three women who consented but who did not provide blood
were excluded. In total, 82 pre-menopausal WSIB subjects (87.2% of the original 94) comprised
the study sample for this thesis (see Section 3.8.1 for more details).
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3.4.2 Data Collection
Of the four study periods comprising the greater WSIB study (Figure 3.1), only day shift
collections (in summer and winter) were considered for this thesis as blood samples were
provided during these periods only. Further, this thesis used only a subset of the data collected
over the course of the second day, including: the morning void urine and 8-hr fasting blood
samples (collected from 5-7AM) and diaries completed during each study period. This use of
seasonal data allowed for the investigation of both cross-sectional (within each of two seasons)
and longitudinal relationships (across seasons) between melatonin and sex hormone levels.
3.5 Exposure Assessment
3.5.1 Melatonin Assessment
The main exposure of interest for this thesis was melatonin, as characterized by levels of
the primary urinary melatonin metabolite, 6-sulfatoxymelatonin (aMTs-6), measured from
morning void urine samples. Morning void aMTs-6 levels were used to capture peak nocturnal
melatonin secretion (see Section 2.4.4), the biologically relevant exposure (see Section 2.5.3).
3.5.2 Urine Sample Collection
Participants were given a standard 120mL urine collection container and were instructed
to collect morning void urine upon waking, from 5-7AM before commencement of their day shift.
Upon arrival at KGH, urine samples were retrieved by the hospital porter system and delivered to
the KGH Core Laboratory. Samples were kept refrigerated until retrieval from KGH within 48-hr.
Next, samples were processed, aliquoted and stored at -80’C until melatonin analysis.
3.5.3 Laboratory Analysis
Concentrations of aMTs-6 were measured from urine samples using the Bühlmann
aMTs-6 enzyme-linked immunosorbent assay (ELISA) kit (ALPCO, Salem NH), a commonly
used commercially available tool. This assay is comparable to the radioimmunoassay (RIA),
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considered the gold standard for aMTs-6 measurement (r = 0.969) (3). This competitive ELISA
employs the antibody capture technique to quantify aMTs-6. Urine samples and a set of known
standards were added to the wells of a microtiter plate. Biotinylated aMTs-6 was added to the
plate to compete with aMTs-6 in the samples for binding of highly specific aMTs-6 antibodies.
Biotinylated aMTs-6-anti-body complexes bind to second polyclonal antibodies that are attached
to the microtiter plate surface. An enzyme label, streptavidin conjugated to horseradish
peroxidase, was added to the plate and a colored product formed when it bound to the antibody
complexes on the plate. The intensity of the colored product is proportional to the amount of
antibody complexes attached to the plate and therefore inversely proportional to the amount of
aMTs-6 in the urine samples. A spectrophotometer set to 450nm was used to measure the color
intensity. Using a set of standard samples, a standard curve of color intensity and corresponding
aMTs-6 concentration was produced, from which sample aMTs-6 concentrations were calculated.
To account for variability in the diluteness of urine samples, and the influences that this
may have on aMTs-6 concentrations, aMTs-6 levels were adjusted for creatinine concentration,
an approach commonly taken in studies involving urinary hormone assessment. Creatinine is a
useful marker of urine diluteness, as it is produced by the kidney and excreted in urine at a
relatively constant rate (4). Creatinine concentration was measured from the same urine samples
used for melatonin analysis, by the ParameterTM Creatinine Assay (R&D Systems, Minneapolis,
MN). In this chemical analysis assay, samples were treated with an alkaline picrate solution,
which produces a colored product proportional to the creatinine concentration. The intensity of
the colored product formed was measured using a spectrophotometer set to 490nm. Using a set of
known creatinine standards, a standard curve was generated to relate color intensity to creatinine
concentration, from which creatinine concentrations for each urine sample were calculated.
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3.5.4 Quality Control
All urine samples were run in duplicate and an average aMTs-6/ creatinine concentration
and coefficient of variation (CV) were calculated for each sample (median CVs for aMTs-6 and
creatinine were 9.1% and 10.0%, respectively). To ensure data quality, assays for which the
standard curve poorly fit the sample standards (R2 < 0.95) were repeated. Additionally, samples
for which aMTs-6 concentrations were outside the range of the assay’s standard curve were reanalyzed using appropriately adjusted sample dilutions.
3.5.5 Night Shift-work History
A secondary exposure of interest to this study was night shift-work history. In the study
questionnaire, participants completed an employment history including details on shift type (day
vs. night) and duration (years) for each job. These variables were used to calculate the number of
years of work that involved 50% or more night shifts (years night shift-work) for each person.
3.6 Outcome Assessment
3.6.1 Sex Hormone Assessment
The outcomes of interest for this thesis were levels of four sex hormones (estradiol,
estrone, progesterone and prolactin), measured directly from blood samples. Circulating sex
hormone levels measured from blood most accurately characterize the biologically meaningful
‘dose’. Urinary sex hormone metabolite levels are often used as a more feasible approach in
epidemiological studies, but these levels reflect not only differences in circulating hormone levels
(of interest) but also differences in hormone metabolism and excretion.
Sex hormone levels are highly variable in pre-menopausal women, fluctuating with
several reproductive and personal influences (see Section 2.6.6). Given this variability, the
validity of a single measure to portray long-term sex hormone levels, of relevance to breast
cancer risk, has been questioned. Two prospective studies nested within the NHS II cohort have
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found single blood measurements of some sex hormones to reasonably characterize long-term
measures over one (5) and two-three years (6). In one study, the reproducibility of sex hormones
(estradiol, estrone, estrone sulfate, progesterone) over one year, measured by the intraclass
correlation coefficient (ICC), ranged from ICC = 0.52-0.71, with the exception of luteal estradiol
levels (ICC = 0.19, or 0.49 with exclusion of anovulatory cycles) (5). The second study, however,
found sex hormones to be less reproducible across a two-three year period (6). Estrogen
reliability ranged from ICC = 0.38 (estradiol) to 0.64 (estrone sulfate) in the follicular stage, and
from 0.44 (estrone) to 0.69 (estrone sulfate) in the luteal stage. The reliability of prolactin was
high (ICC = 0.64, averaged across menstrual stages), and of progesterone low (ICC = 0.29, luteal
stage). Considering these results, whether proposed increases in sex hormone levels following
reductions in melatonin with shift-work are stable, is unclear.
Many steps were taken to reduce or standardize the influences of strong predictors on sex
hormone levels across study participants. Subjects were excluded from the study if they had been
pregnant or lactating in the previous six months. Participants were instructed to fast for 8-hr prior
to blood sample collection and to provide blood samples at a consistent time of day (5-7AM).
Information on the exact timing of blood sample collection was gathered such that any residual
influences could be explored. Unfortunately, no information was collected to describe whether
blood samples were actually fasting or not. In light of recruitment restraints, subjects were not
excluded by OC use; however, information regarding their use was collected such that this
influence could be explored. Likewise, while logistical difficulties prevented the scheduling of
data collections across consistent menstrual cycle stage, information on stage was collected.
3.6.2 Blood Sample Collection
Participants provided a 30mL blood sample at KGH from 5-7AM, on the same day
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and within the same time frame of urine sample collection. Samples were immediately retrieved
by the KGH porter system and delivered to the KGH Core Laboratory for analysis.
3.6.3 Laboratory Analysis
Sex hormone levels were measured using standard medical diagnostic immunoassays
available at KGH and the McMaster University Medical Centre (MUMC). Immunoassays are
bioanalytical tools that quantify biological compounds using antibody-antigen reactions. A label
attached to either the antigen or antibody produces a signal upon antigen-antibody binding
allowing for the detection and quantification of the analyte (7). Serum levels of progesterone
(nmol/L), estradiol (pmol/L) and prolactin (ug/L) were measured at the KGH Core Laboratory by
paramagnetic particle, chemiluminescent immunoassays using the Beckman Coulter UniCel Dxl
800 Access ® System, as outlined in the KGH Clinical Laboratory Services Reference Manual.
Analyses were completed by laboratory staff following sample delivery by the hospital porter
system. Serum estrone levels (pmol/L) were measured by radioimmunoassay at the MUMC, as
outlined in the Hospitals in Common Laboratory Reference Manual (available at www.hicl.on.ca)
as this assay was not available at KGH. Blood samples for estrone analysis were processed,
aliquoted and frozen in the KGH lab prior to shipment, and were delivered on ice to MUMC.
These standard hormone immunoassays are commonly used in both medical diagnostics
and in epidemiological research on sex hormones (8-11). However, a lack of standardized,
validated assays is described as a major limitation of research to date (12), supported by large
inconsistencies in sex hormone ranges observed across studies (13). The lack of gold standard
tools for objective sex hormone measurement makes it difficult to assess the validity of the
immunoassays available. In addition, the reproducibility of techniques available is difficult to
assess given the challenges in accounting for the highly variable nature of sex hormone levels that
fluctuate with many personal and reproductive characteristics. Recently, mass-spectrometry based
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methods have been proposed as an alternative with potential for improved accuracy and precision
(12, 14); however, the large cost and training required limits its use in epidemiological studies.
3.6.4 Quality Control
Sex hormone levels were assessed independently for each blood sample. Instruments
used for hormone assessment are calibrated daily by hospital staff, and all samples are run with
two or more controls (for which sex hormone levels are known) to ensure precision and accuracy
of the results. Inter-assay precision of these tests, as reported by the KGH Clinical Laboratory
Services Reference Manual, are CV = 5-10% for prolactin, CV = 10-20% estradiol and CV = 810% progesterone. Precision values for the estrone analysis are not reported by MUMC, but other
reports suggest inter-assay precision of 7-11% for this test at different laboratories (15).
3.7 Consideration of Covariates
3.7.1 Collection of Covariate Information
Covariate information was collected from the WSIB study questionnaire, completed at
study enrollment (baseline covariates; Appendix C), and from the study diaries, completed over
the course of data collections (seasonal covariates; Appendix D). As the questionnaire and diary
were designed based on the overall objectives of the larger WSIB study, not all information
collected in these instruments was relevant to this thesis. Important covariates were identified a
priori from the literature (Section 2.6.6) and only information relating to these variables was
collected from the study instruments. Covariates of interest included personal and lifestyle
characteristics, medication use, and reproductive factors, described below.
Some important covariates were controlled for by study design: women who had been
pregnant or lactating in the previous six months were excluded, and time of day and current food
consumption were controlled for by collecting samples at consistent times of day, and by asking
participants to fast for 8-hr prior to blood sample collection.
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3.7.2 Covariate Classification
Two important potential confounders identified from the literature were age and BMI.
Age at the time of study commencement, measured in years, was determined using self-reported
date of birth from the study questionnaire. BMI (kg/m2) was determined objectively through
height (m) and weight (kg) measurements taken by the study coordinator at study enrollment.
Menopausal status and menstrual cycle stage are important reproductive factors of
interest due to their strong influences on sex hormone levels. Participants were self-identified premenopausal women, as declared at baseline in the questionnaire (still menstruating vs. no longer
menstruating). In addition, nurses reported menopausal status during data collections in the study
diaries. Some nurses, formerly classified as pre-menopausal at initial assessment, reported
subsequent cessation of menstruation during the study periods. These women, likely perimenopausal (transitioning from pre- to post-menopausal), were kept in the analysis to avoid
limiting sample size, and the influence of these women on final study results was assessed.
In the study diaries, subjects were asked to report the first day of their last menstrual
period. From this, a categorical variable for menstrual cycle stage was determined by counting the
number of days since the start of the last menstrual period (0-10 days = follicular phase, 11-16
days = mid-cycle/ ovulatory phase, > 16 days = luteal phase), based on an assumed 28-day cycle.
Although information on exact menstrual day was available, this information was conceptualized
categorically for analysis based on biologically meaningful timing with respect to estrogen and
progesterone hormone levels (16-18), and to minimize the potential for misclassification.
Estrogen levels tend to peak mid-cycle and remain higher in the luteal compared to follicular
stages while progesterone levels rise through the cycle, peaking in the final luteal stage. While the
“ovulatory peak” may be defined more narrowly as the 16-32 hours mid-cycle during which LH
levels peak, a broader mid-cycle phase was chosen here to capture relevant changes in estrogen
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and progesterone levels (Figure 3.2).
Figure 3.2 Changes in sex hormones over the menstrual cycle
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In terms of misclassification, as cycle length was not ascertained, categories had to be
defined assuming a 28-day menstrual cycle length, with the upper limit of the luteal category left
open ended to accommodate women reporting over 28 days since the start of their last
menstruation. That most variability in menstrual cycle length is accounted for by differences in
the length of the follicular phase (19) makes this classification especially challenging. For
example, a woman who reports 11 days since her last menstrual period could be in either the
follicular phase or at mid-cycle, depending on the length of her follicular phase. Misclassification
of cycle stage could be most limited if information on menstrual cycle length was also available;
however, the use of broad menstrual phase categories minimized misclassification in this study.
For five women who were missing menstrual cycle stage information in the study diary
(but who reported “still menstruating”), current menstrual stage was estimated using menstrual
cycle information provided in the night shift WSIB study period (completed one month prior to
day shift study period, and for which exact dates of completion were available; see Section 3.3.2).
Assuming a 28 day cycle, information of the first day of the last menstrual period in the previous
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month was used to estimate the woman’s current cycle stage. Current OC use (Y/N) use was also
assessed from the study diary, where nurses reported whether they had taken prescribed birth
control medications in the past 24hr.
Lifestyle characteristics included smoking, alcohol and caffeine intake, and physical
activity. While information regarding both usual and recent consumption and practice patterns
was collected from the questionnaire and study diary, these variables were classified according to
their biologically plausible and reported influences on sex hormone and melatonin levels in the
literature and based on their assessments in previous studies of these relationships. Current
smoking status was assessed in the questionnaire (smoker vs. non-smoker). In addition,
participants were asked if they had smoked over 100 cigarettes in their lifetime, allowing nonsmokers to be further categorized as “never” vs. “past” smokers. Given the small number of
current and past smokers, further analysis on amount smoking was not conducted.
Alcoholic beverage consumption was also assessed from the questionnaire, where nurses
reported the average number and types (beer, wine or spirits) of alcoholic beverages consumed
per week during different decades of their life. The most recent decade of life was considered the
most etiologically relevant period, and a continuous variable for average total alcoholic beverages
(all types combined) consumed per week was generated (drinks/ week).
Information regarding caffeine consumption was available from the study diary, where
subjects reported the number and type of caffeinated beverages consumed in the 24-hr period
preceding blood and urine sample collection. This was used to estimate average daily caffeine
consumption, and was conceptualized as the number of caffeinated beverages consumed per day
(drinks/ day). A limitation of this measure is the sole assessment of caffeinated beverage
consumption, as caffeine may also be consumed from food sources. Also, as this measure was
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assessed from data collected during a working day, this may not be representative of usual
caffeine consumption (including both working and non-working days).
Information regarding physical activity was also available from the study diary, which
collected information on the type (i.e. walking, aerobics, etc), intensity (light, moderate and
heavy), frequency and duration of all activities completed over the previous 30 days. Moderate
physical activity was described as that which increases the heart rate and breathing rate and which
may cause light sweating, and heavy physical activity as that which involves a substantial
increase in heart rate and breathing rate with heavy sweating. Total moderate-to-heavy physical
activity, of interest to sex hormone and melatonin levels, was calculated in hours per week
(hrs/wk). In addition, given the limited moderate-to-heavy physical activity levels observed, total
physical activity (all intensities) was collected (hrs/wk) and considered for confounder analysis.
For descriptive proposes, some continuous variables were presented in categories based
on biological or clinical relevance. These variables were kept continuous for regression analysis
to maintain information and precision of the data. Age (years) was categorized by decade (20-29,
30-39, 40-49, 50+), and BMI (kg/m2) by the standard classifications of underweight (BMI <
18.5), normal (18.5-24.9), overweight (25-29.9) and obese (≥ 30). Average weekly alcohol
consumption was described categorically as 0, 1-2, 3-4 and 5+ drinks per week and daily
caffeinated beverage consumption as 0, 1-2 and 3+ drinks per day. Total and moderate-to-heavy
physical activity were described categorically as 0, 1-2, >2-4 and >4 hrs per week.
Additional logistical variables including season of data collection and time at blood
sample collection were considered for influences on the relations under study. Season (summer
vs. winter) was considered a potential effect modifier of melatonin-sex hormone relationships.
Time of day at blood sample was considered a possible predictor of sex hormone levels (Section
2.6.6), conceptualized as before vs. after 8AM (within 1-hr of advised timing for collection).
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3.8 Statistical Analysis
All statistical analyses were completed using SAS (Version 9.2, SAS Inst., Cary, NC).
Analyses were conducted separately for each sex hormone. Only data collections that had both
melatonin and sex hormone measures were considered for analysis, except for the longitudinal
analysis which required only melatonin from ‘season one’, and sex hormones from ‘season two’.
3.8.1 Subject Participation and Final Sample Sizes
Of the 82 study participants, 46 were recruited in cohort A and 36 in cohort B (see Figure
3.1). Of the 46 women recruited in cohort A, all 46 took part in the first study period (summer
‘08), but two of these women were missing blood and another woman missing urine. In addition,
one woman’s melatonin level was outside the range of the assay’s detection limits (n = 42 total).
38 women of cohort A remained for winter data collection, but one woman was missing blood,
another two women missing urine and another woman’s melatonin was outside of detectable
limits (n = 34 total). Of the eight women (17.4%) lost across seasons, four withdrew from the
study and four became ineligible (two became part-time and two pregnant; Figure 3.3).
The remaining 36 study participants (of the 82 total) were recruited in cohort B. 35 of
these women took part in the first study period (winter ‘08/09), but two women were missing
blood samples and two melatonin measures were beyond detectable limits (n = 31 total). Four of
these 35 women (11.4%) were lost across seasons (one withdrew, two were lost to follow-up, and
one began working days only and was no longer eligible for study participation), and one woman
in this cohort joined late, taking part in only the second season of data collection, thereby giving a
sample of 32 for the second season’s data collection (summer ‘09). However, four of these 32
women were missing blood samples and another two missing urine (n = 26 total; Figure 3.3).
In total, 51 women had measurable urine and blood samples for both seasons and 31
women for one (n = 133 total). Of the 31 women with data for one season, 12 were lost across the
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change in season (eight cohort A, and four cohort B, see above); one woman (cohort B) joined the
study late and took part in only the second season’s collection, and the remaining 18 women with
actually took part in both seasons’ data collections but for one season they were missing either
blood (n = 9) or urine (n = 5) samples, or their melatonin level was beyond detectable limits (n =
4). Seasonally, there were 68 full data collections for summer and 65 for winter (Figure 3.3).
While 142 blood samples were collected from 82 subjects (cohort A: 44 summer, 37
winter; cohort B: 33 winter, 28 summer), some samples were missing measures for certain sex
hormones, and other samples were not considered for analysis as the participant lacked the
accompanying urine sample (or melatonin level was beyond detectable limits). Of the 142 blood
samples collected, 3 samples were missing estradiol measurements, 4 estrone, 5 progesterone, and
another 5 missing prolactin (17 missing outcomes total). In some instances, blood samples sent to
KGH did not undergo all sex hormone analyses requested (n = 9 total: 1 estradiol, 2 estrone, 4
progesterone, 2 prolactin). In other cases, blood tests were displaced during retrieval from the
KGH laboratory, and could not be recovered electronically since the Laboratory Information
System changed over the course of this study (n = 5: 1 estrone, 2 estradiol, 1 progesterone, 1
prolactin). In addition, one blood sample hemolysed following delays and could not be analyzed
for estrone. Lastly, two prolactin measures were unused due to macroprolactin present in the
blood sample, which artificially increases prolactin levels causing inaccurate measurement (20).
Because no single blood sample was missing measures for all hormones, the total number
of observations is still 133 (equivalent to the number of observations with melatonin measures)
despite the sample sizes for each specific sex hormone being less (Figure 3.3). Also, there was
some overlap between missing hormones with other missing data (urine samples missing or
melatonin could not be measured). Accounting for these factors, the following sample sizes were
obtained for each sex hormone, outlined in Table 3.1 below.
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Figure 3.3 Study flow chart
94 Premenopausal women eligible and
recruited for WSIB study; assigned study ID
5 dropped out before study participation
(2 withdrew; 3 lost to follow-up)

89 Premenopausal women participated

2 completed night shift data collection only
87 Premenopausal women participated
in day-shift data collection (focus of thesis)
5 participated but did not provide blood
(2 did not consent to blood; 3 consented
to but did not provide blood)

82 participated in day-shift data collection
and have blood samples
(87% of original 94 participants)

36 recruited in Cohort B
(winter ‘08/’09)

46 recruited in Cohort A
(summer ’08)

1. Summer (May-Aug ‘08) N = 46

1. Winter (Dec ‘08- Mar ‘09) N = 35

• 2 missing blood
• 1 missing urine
• 1 no urine reading, n = 42 total

• 2 missing blood
• 2 no urine reading, n = 31 total
4 lost:
-1 withdrew
-2 lost to follow-up
-1 ineligible (day worker)

8 lost:
- 4 withdrew
- 4 ineligible
(2 part- time; 2
pregnant)

2. Winter (Oct-Dec ’08) N = 38

1 gained:
-Participated summer only

2. Summer (Apr-Jun ’09) N = 32

• 1 missing blood
• 2 missing urine
• 1 no urine reading, n = 34 total

• 4 missing blood
• 2 missing urine, n = 26 total

FOR ANALYSIS (CROSS-SECTIONAL):
(Only those with urine and blood), n = 133 total
Summer: n = 68 (42 + 26)

N = 7 missing hormone measures
Total: Estradiol, n = 67
Estrone, n = 65
Progesterone, n = 67
Prolactin, n = 65

Winter: n = 65 (34 + 31)

N = 6 missing hormone measures
Total: Estradiol, n = 64
Estrone, n = 64
Progesterone, n = 62
Prolactin, n = 64
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Table 3.1 Final sample sizes
Analysis
Cross-sectional (n = 12)
Summer

Estradiol

Estrone

Progesterone

Prolactin

67

65

67

65

Winter

64

64

62

64

Pooled seasons

131

129

129

129

60

60

60

Longitudinal (n = 4)
Across seasons*
60
*Melatonin ‘season 1’, sex hormones ‘season 2’

For cross-sectional analyses, relationships with melatonin were assessed for each sex
hormone separately, by season. Analyses were also conducted using data pooled across seasons
when seasonal relationships were not meaningfully different (n = 12 potential analyses total). For
the longitudinal analyses, melatonin levels from the first season were assessed in relation to sex
hormone levels from the second season (n = 4 analyses). Given the use of cross-seasonal data,
this analysis was restricted to nurses who participated in both study periods. Although only 51
women have full data for both periods, the sample size for this analysis was slightly larger (n =
60) as women were required to have only urine samples for season one (for melatonin
assessment) and blood samples for season two (for sex hormone assessment).
3.8.2 Descriptive Statistics
Characteristics of the study population (baseline and seasonal) were described including
means and standard deviations for continuous variables and frequency distributions for
categorical variables. Seasonal distributions of continuous creatinine-adjusted aMTs-6 and sex
hormone levels were described including means and standard deviations. Distributions were
assessed for normality and were log-transformed to create more normal distributions. Geometric
means (calculated by back-transforming the means of the log-transformed distributions) were
compared across seasons by the difference of least squares means estimates using linear mixed
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modeling with a random subject effect (to account for the dependency of multiple observations by
the same individual). This approach was chosen over the paired t-test to increase sample size,
since unlike the paired t-test, this difference test was not limited to subjects with paired data only.
Geometric mean sex hormone levels were also compared across menstrual cycle stages
using the ANOVA F-test. Associations between other reproductive factors with sex hormone
levels were similarly assessed to explore other determinants of sex hormone variability in the
study population. Lastly, inter-relationships between sex hormones were assessed. As data was
pooled across seasons for these later two analyses (with some individuals participating in both
seasons), relationships were assessed using linear mixed modeling with a random subject effect.
3.8.3 Bivariate Exposure-Outcome Relationships
Bivariate melatonin-sex hormone relationships were assessed for all analyses, using
generalized linear regression modeling, to facilitate comparison to previous research which has
limited confounder adjustments. Bivariate relationships between years of night shift-work history
and sex hormones were also assessed. Linear mixed modeling with a random subject effect was
used to account for the dependency of two sex hormone measures provided by some women. This
modeling strategy adjusts for the artificially deflated variance that occurs with correlated data,
thereby reducing the risk of type I error (21). Under this approach, subjects may contribute
varying repetitions of measurements: given the small number of repetitions for this study (two),
random-slope modeling was considered unnecessary. Both time-variant (seasonal) and constant
(baseline) covariates can be included in regression models allowing for both stable and changing
characteristics of the study population to account for variability in the outcomes (22).
3.8.4 Confounder Assessment
A systematic strategy was used to assess confounding of melatonin-sex hormone
relationships by various personal, lifestyle and reproductive characteristics. For the cross59

sectional analyses, stratified by season, if final multi-variate models did not vary meaningfully by
season (parameter estimates were in the same direction and of similar magnitude), data was
pooled across seasons to increase sample size. Here, a separate confounder selection was
performed using the pooled data (as seasonal models did not necessarily adjust for the same
confounders), and interaction by season was assessed in the final multivariate model. If
interaction was significant, results from these pooled models were not interpreted. For the pooled
seasonal models, linear mixed modeling was used to account for the dependency of multiple
observations provided by the same individual (see above). For the longitudinal analysis
(melatonin ‘season 1’; sex hormones ‘season 2’), potential confounders measured during the
second seasons’ data collection were assessed for confounding of relationships, based on the
predicted influence of these variables on sex hormones also measured at this time.
Initially, bivariate associations were assessed between potential confounders and each sex
hormone: associations meeting the liberal screening criterion of p ≤ 0.20 (to improve the
sensitivity of detecting confounders) were considered to potentially confound melatonin-sex
hormone relationships, and were put forth to a backwards change-in-estimate confounder
selection procedure. In this procedure, all potential confounders are initially included in the
model, and variables are deleted individually in a step-wise fashion. At each step, the variable
that causes the smallest change in the main exposure effect upon deletion is removed. This
backwards deletion ends when the removal of any remaining variable in the model causes a 10%
or greater change in the main exposure effect (23). Menstrual cycle stage, age and BMI were
identified a priori as important confounders due to strong biologically plausible influences on sex
hormone and melatonin levels, and a base model including these variables was set prior to
confounder selection. Other potential confounders considered included OC use, smoking status,
alcohol and caffeine consumption, and physical activity levels (Section 2.6.6).
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Based on the final-adjusted models, further analysis using melatonin tertiles was
conducted to explore potential non-linear relationships or threshold effects. Further divisions of
melatonin (e.g. using quartiles or quintiles) were not used given scarcity and large variability in
the data. Melatonin tertiles were calculated using all data (pooled across seasons), and were kept
consistent for all analyses to facilitate comparison. Geometric means of sex hormones were
calculated from the least squares means estimates put forth by ANCOVA analysis, adjusting for
confounders, and were compared by melatonin tertile using a linear test for trend.
A similar analysis strategy was used for confounder assessment and model building of
relationships of years of night shift-work and sex hormones, except that linear mixed regression
modeling was used from the outset as data was pooled across seasons. Using the final-adjusted
models, further analysis was conducted here to compare geometric sex hormone means by
categorical night shift history: under 20 vs. 20 or more years was chosen as a reasonable division
given the clinical relevance of this duration of shift-work to breast cancer risk.
3.8.5 Sensitivity Analysis and Regression Diagnostics
Sensitivity analyses were conducted to assess whether relationships changed with
consideration of peri-menopausal status, the time of day of blood sample collection, OC use, the
seasonal order of data collection (longitudinal analysis) and when non-transformed variables were
used for analyses. Regression diagnostics including residual analysis, outlier assessment and
influence diagnostics were performed to assess adherence of data to the regression assumptions.
3.9 Ethical Considerations
Ethics approval for this thesis was obtained from the Queen’s University Research Ethics
Board (Appendix A). This study employed informed consent, where one copy of the consent form
(Appendix B) was retained by participants. There were no anticipated harms nor direct benefits to
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participants; however, future benefits were anticipated including increased knowledge of cancer
mechanisms in humans. Subjects were provided a $200 honorarium to compensate for their time.
To ensure confidentiality of information, participants were assigned anonymous study
identification numbers, used for all study instruments and biological samples. All identifying
information was kept in locked filing cabinets that were available only to study personnel.
Computerized data files contained no identifying information. Access to the study identification
number key was restricted to three members of the study, including the study coordinator, and
was used solely for contacting study participants for scheduling data collection periods.
3.10 Student Contribution
The larger WSIB parent study provided an opportunistic sample of nurses in whom
relationships of melatonin and sex hormones could be investigated. Examining these relationships
among premenopausal nurses (who provided blood samples) was presented as a thesis project by
Dr. Kristan Aronson. While sex hormone assays were conducted by KGH core laboratory staff,
the student was responsible for completing melatonin analysis for this project.
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Chapter 4
Melatonin and sex hormones among rotating shift nurses

ABSTRACT
Background: In 2007, the International Agency for Research on Cancer classified shift-work
involving circadian disruption as a “probable carcinogen.” One proposed pathway for this
relationship involves nighttime light exposure and subsequent decreases in melatonin production.
It is postulated that melatonin, a cancer-protective hormone, may influence patterns of sex
hormone production that in turn influence breast cancer risk. The purpose of this study was to
investigate the relationships between night shift-work history, melatonin and sex hormone levels
among shift-working women.
Methods: 82 pre-menopausal nurses who work a rotating shift pattern of two days (7AM-7PM),
two nights (7PM-7AM), followed by five days off participated in two study periods
approximately six months apart (in summer and winter), each taking place during a day shift of
the normal rotating shift pattern. Creatinine-adjusted melatonin metabolite concentrations were
measured from morning void urine samples, and estradiol, estrone, progesterone and prolactin
concentrations were measured from fasting blood samples taken at the same time. Other pertinent
information was collected by measurement (weight, height) and by self-report via questionnaire.
We examined melatonin-sex hormone relationships within each of two seasons, and across
seasons, to investigate two hypothesized latency periods for influences of melatonin levels on sex
hormones. Multivariate linear regression was used to explore relationships, with adjustment for
confounders including age and body mass index.
Results: An inverse relationship between melatonin and estradiol was suggested in winter (β = 0.13, p = 0.11), and a positive relationship was suggested for increasing estrone with increasing
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melatonin tertile in summer (p = 0.07), after multivariate adjustments. Melatonin was not
associated with other hormones in either season. On investigation of a longer latency period,
melatonin in the first season was not associated with sex hormones in the second season. While
those working night shifts for 20 years or more had higher mean levels of estradiol, estrone and
progesterone, results were not statistically different from those with a shorter history of night
work.
Conclusions: The results of this study do not provide evidence to support the proposed biological
pathway involving altered melatonin and sex hormone levels as intermediates between shift-work
and breast cancer risk.

Keywords: shift-work, melatonin, sex hormones
Word count: 3285 (excluding abstract, tables and references)
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INTRODUCTION
The etiology of breast cancer is relatively unknown, with less than half of new cases
explained by established risk factors (1, 2). Large global discrepancies in breast cancer incidence
(3) have suggested a role for societal or environmental influences on this disease. In 1987,
Stevens hypothesized that increasing breast cancer incidence in industrialized countries may be in
part explained by the rising use of electric lighting, and more specifically, increased exposure to
light at night (LAN) (4, 5). Melatonin, a hormone secreted by the pineal gland during darkness
(6), was implicated in this pathway based on its cancer-protective effects, which may be mediated
through interactions with sex hormones (7). It is postulated that exposure to LAN suppresses
melatonin production leading to increases in sex hormones which may in turn increase breast
cancer risk (4, 5).
Shift-work, a surrogate for LAN exposure, is associated with a modestly increased breast
cancer risk in some epidemiologic studies, particularly those studies involving longer durations of
shift-work (20-30 years) (8-10). Meta-analyses suggest that shift-workers have a 40-50%
increased risk of breast cancer (11, 12). Limited evidence in humans and sufficient evidence from
experimental animals led to the classification of shift-work as a probable carcinogen by IARC in
2007 (13).
While experimental evidence provides strong biologically plausible models for the
carcinogenicity of shift-work, including LAN and subsequent disruptions of melatonin and sex
hormone levels, these pathways have not been clearly elucidated in humans. The influence of
melatonin on sex hormone levels is most well-known in seasonally breeding species, where
melatonin levels, influenced by season and daylight, in turn control several aspects of
reproduction (14-16). Studies of human reproduction (6, 17-24) and experimental melatonin trials
(23, 25-29) have supported these relationships in humans under certain reproductive, pathological
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and pharmacological conditions. However, few epidemiologic studies have characterized these
relationships under normal human physiology and results have been less convincing (30-33).
Therefore, the purpose of this study was to examine relationships between melatonin, night shiftwork history, and sex hormone levels among a group of pre-menopausal shift-working nurses, as
potential intermediates in the pathway to breast cancer.
MATERIALS AND METHODS
Study population
From April 2008 to February 2009, 94 premenopausal nurses who work the full-time
rotating shift schedule of two 12-hr days (7AM-7PM), followed by two 12-hr nights (7PM-7AM),
followed by five days off were recruited from Kingston General Hospital (KGH). The study was
advertised through posters, and pamphlets that were sent to all full-time nurses at the hospital in
an effort to recruit volunteers. Nurses were asked to self-exclude if they had been pregnant or
lactating in the previous six months or if they used melatonin supplements. Seven women either
withdrew from the study or were lost to follow-up before data collection, and five women did not
provide blood samples and so were excluded from the study. Eighty-two women (87%)
comprised the final study sample, and these women were recruited in two cohorts to facilitate
data collection.
Data collection
Upon study enrollment, participants completed a questionnaire to gather personal
information and a history of health, lifestyle and employment characteristics. Nurses took part in
two study periods in summer and winter approximately 6 months apart, each during a day-shift of
the regular shift schedule. During each study period, urine and blood samples were collected
(from 5-7AM) and a diary was completed to obtain information on menstrual cycle stage, recent
medication use, physical activity levels, caffeine consumption, and other seasonal characteristics.
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The collection of data across seasons allowed us to investigate two hypothesized time frames for
influences of melatonin on sex hormones, [1] within each of two seasons and, [2] across seasons.
Of the 82 nurses in this study, 68 participated in the summer study period and 65 in winter, with
51 women completing both study periods and 31 women participating once. Due to a few missing
sex hormone measures (1 estradiol, 3 estrone, 3 progesterone, 3 prolactin) and covariate data, the
final sample sizes for each analysis are slightly less than the number of women participating in
each season.
Melatonin assessment
Melatonin levels were characterized by concentrations of the primary urinary melatonin
metabolite, 6-sulfatoxymelatonin (aMTs-6), measured from first morning void urine samples.
Urinary aMTs-6 levels correlate well with circulating melatonin levels in blood (34-36), and
aMT6-s concentration in first morning void urine accurately characterizes peak nocturnal
melatonin secretion and total nocturnal melatonin output, accounting for approximately 70% of
total circulating melatonin from the previous night (34, 37). Nocturnal melatonin secretion has
little variability within individuals over time (31, 38-40), and aMTs-6 assessment from a single
morning void urine sample is highly reproducible over three-to-five years (31, 41).
Urine samples were processed, aliquoted and stored at -80ºC until the time of the
melatonin analysis in the lab of Dr. Charles Graham at Queen’s University. Concentrations of
aMTs-6 were assayed using the Bühlmann aMTs-6 ELISA (ALPCO, Salem NH) and were
adjusted for creatinine levels (aMTs-6 divided by creatinine concentration) to account for
variability in the diluteness of urine samples. Creatinine concentrations were measured from the
same urine samples using the ParameterTM Creatinine Assay (R&D Systems, Minneapolis, MN).
All urine samples for both aMTs-6 and creatinine analyses were analyzed in duplicate
and an average concentration and coefficient of variation (CV) were calculated for each sample.
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Median CVs for aMTs-6 and creatinine were 9.1% and 10.0% respectively. To ensure data
quality, assays for which the standard curve poorly fit the sample standards (R2 < 0.95) were
repeated. Additionally, samples for which aMTs-6 or creatinine concentrations were out of range
of the assay’s standard curve were re-analyzed using appropriately adjusted dilutions.
Sex hormone assessment
Estradiol, estrone, progesterone and prolactin concentrations were measured in blood
samples that were provided by nurses on the same day and within the same time frame (5-7AM)
as urine samples. Nurses were instructed to fast for eight hours prior to blood collection (30mL).
Serum levels of progesterone (nmol/L), estradiol (pmol/L) and prolactin (ug/L) were measured at
the KGH Core Laboratory by paramagnetic particle, chemiluminescent immunoassays. Serum
estrone levels (pmol/L) were measured by radioimmunoassay at the McMaster University
Medical Centre (MUMC), as this assay was not available at KGH. Blood samples were
processed, aliquoted and frozen at the KGH Core Laboratory prior to shipment to this centre.
All analyses were completed by hospital core laboratory staff, with blood samples
analyzed separately and immediately upon retrieval by the lab. Instruments used for sex hormone
assessment are calibrated daily by hospital staff, and all samples are run with two or more
controls (for which sex hormone levels are known) to ensure precision and accuracy of the
results. Inter-assay precision (CV) of these tests, as reported by the KGH Clinical Laboratory
Services Reference Manual, are 5-10% for prolactin, 10-20% for estradiol and 8-10% for
progesterone. Precision values are not available for the estrone analysis completed at the MUMC,
but reports suggest inter-assay precision in the range of 7-11% for different laboratories (42).
Statistical analysis
All statistical analyses were completed using SAS (Version 9.2, SAS Institute, Cary,
NC). Natural logarithms of aMTs-6 and sex hormones were used for analysis as transformed
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values more closely approximated normal distributions. Generalized linear regression modeling
was used to examine relationships between melatonin and each sex hormone, assessed separately
by season (summer and winter), and longitudinally across seasons. For the longitudinal analysis,
melatonin levels from the first season were assessed in relation to sex hormone levels from the
second season. Using a change-in-estimate confounder selection procedure (≥ 10% change in the
main exposure effect) confounders were identified (43), except for age, BMI, and menstrual cycle
stage which were included in all models. For the cross-sectional analyses, if models did not vary
by season (parameter estimates were in the same direction and of similar magnitude), data were
pooled and linear mixed modeling was used to account for the dependency of observations
provided by the same individual.
Based on the final multivariable-adjusted models, further analyses were conducted using
melatonin tertiles to explore potential non-linear relationships or threshold effects. Adjusted
geometric means of sex hormones were calculated for each tertile, and means were compared
using a linear test for trend.
Relationships between sex hormone levels and years of night shift-work, conceptualized
as the number of years working jobs that involved 50% or more night shifts, were also assessed.
Linear mixed modeling was used to account for the dependency of two measures of sex hormones
provided by some women. A similar confounder assessment was performed here, and further
analysis was conducted to compare geometric means of sex hormones by long-term night shift
history: under 20 vs. 20 or more years was chosen as a reasonable division given the clinical
relevance of this duration of shift-work to breast cancer risk (8-10).

70

RESULTS
Characteristics of the study population are presented in Tables 1 and 2. Most nurses
(75%) have worked night shifts for at least five years and over half of our sample (51.7%) was
overweight or obese according to their BMI classification (BMI ≥ 25 kg/m2). Approximately 19%
of participants reported current OC use. Categories of menstrual cycle stages were defined with
respect to estrogen and progesterone levels: follicular (days 0-10), mid-cycle (days 11-16), and
luteal (day 17+).
Table 1 Baseline characteristics of the study population (n = 82)
Characteristic
N (%)
Personal
Age (years; mean ± SD)

35.8 ± 8.2

2

BMI (kg/m ; mean ± SD)

27.1 ± 6.7

Ethnicity
White
Non-white
Lifestyle

79 (96.3)
3 (3.6)

Smoking
Smoker
Past-smoker
Never-smoker
Alcohol consumption
(drinks/ wk; mean ± SD)
History of night shift-work
(years; mean ± SD)
5 and under
> 5-10
> 10-15
> 15-20
> 20

11 (13.4)
19 (23.2)
52 (63.4)
3.4 ± 3.8
11.0 ± 8.4
22 (26.8)
28 (34.2)
9 (11.0)
8 (9.8)
15 (18.3)

71

Table 2 Seasonal characteristics of the study population
Summer (n = 68)*
Characteristic
N (%)

Winter (n = 65)*
N (%)

Reproductive
Menstrual Cycle Stage
Follicular (days 1-10)
Mid-cycle (days 11-16)
Luteal (day 17+)
Missing

26 (38.2)
10 (14.7)
28 (41.2)
4 (5.9)

22 (33.9)
9 (13.9)
32 (49.2)
2 (3.1)

Current oral contraceptive use
Yes
13 (19.1)
12 (18.5)
No
53 (77.9)
51 (78.5)
2 (2.9)
2 (3.1)
Missing
Lifestyle
Total physical activity (all intensities)
4.43 ± 4.15
4.67 ± 5.45
(hrs/ wk; mean ± SD)
Moderate-to-heavy** physical activity
3.3 ± 3.7
3.6 ± 5.4
(hrs/ wk; mean ± SD)
Caffeinated beverage consumption
3.3 ± 3.3
3.0 ± 2.7
(drinks/ day; mean ± SD)
*An overlap of 51 women across seasons
**Moderate: that which increases the heart rate and breathing rate and which may cause light
sweating; heavy: that which involves a substantial increase in heart rate and breathing rate with
heavy sweating
Associations tested between melatonin (continuous and tertiles) and sex hormones were
not statistically significant after consideration of confounders (Table 3; Figure 1). For estradiol,
an inverse relationship with melatonin was suggested in winter (unadjusted: β = -0.18, p = 0.04),
but this result was slightly attenuated and no longer significant after confounder adjustment. This
potential inverse relationship was less apparent with melatonin tertiles, as the geometric mean of
estradiol peaked in the middle melatonin tertile. A positive relationship between estrone and
melatonin was suggested in summer only, as geometric means of estrone increased with
increasing melatonin tertile, the direction opposite to the study hypothesis. As relationships of
melatonin with estradiol and estrone (although non-significant) varied meaningfully by season
(parameter estimates were in opposite directions), data was kept stratified by season for these
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analyses. On investigation of a longer latency period, melatonin levels in the first season were not
associated with estradiol or estrone levels in the second season.
No associations were suggested between melatonin and progesterone or prolactin in
either season or by longitudinal analysis. As relationships (although non-significant) were similar
by season (parameter estimates were in the same direction and of comparable magnitudes), data
was pooled across seasons to increase sample size. In the pooled models, melatonin was still not
associated with progesterone or prolactin.
Table 3 Multivariate-adjusted associations between melatonin (continuous) and sex hormones
(all log-transformed)
Analysis
Longitudinal
Winter
Summer
Sex
Seasons pooled
Parameter
Parameter
Parameter
Hormone
Parameter estimate
estimate
estimate
estimate
(p value), N
(p value), N
(p value), N
(p value), N
Estradiol
0.005 (0.94) a, 61 -0.13 (0.11) b, 56 -0.05 (0.54) c, 54
NA
(pmol/L)
Estrone
(pmol/L)

0.05 (0.36) a, 59

-0.03 (0.61) d, 59

0.05 (0.40) b, 53

NA

Progesterone
(nmol/L)

0.07 (0.46) a, 61

0.14 (0.22) a, 58

-0.02 (0.86) a, 56

0.06 (0.43) a, 119

Prolactin
0.003 (0.94) f, 59 -0.05 (0.40) g, 52
0.002 (0.95) h, 118
0.01 (0.78) e, 59
(ug/L)
Adjusted for age, BMI, menstrual cycle stage, and:
a: OC use
b: OC use, alcohol consumption
c: alcohol consumption, caffeine consumption
d: OC use, alcohol and caffeine consumption, smoking status, total physical activity levels
e: OC use, smoking status
f: OC use, caffeine consumption
g: caffeine consumption, moderate-to-heavy physical activity
h: OC use, caffeine consumption, smoking status
(See Appendix E Table 2 for corresponding R-square values for each model; Appendix E Figure
1 for graphical depiction of multivariate-adjusted associations between melatonin and sex
hormones)
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Figure 1 Multivariate-adjusted geometric means of sex hormones by melatonin tertile
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(III)
Progesterone (geometric mean) by melatonin tertile
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(IV)
Prolactin (geometric mean) by melatonin tertile
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Adjusted for age, BMI, menstrual cycle stage, and:
a: OC use
b: OC use, alcohol consumption
c: alcohol consumption, caffeine consumption
d: OC use, alcohol consumption, caffeine consumption, smoking status, total physical activity levels
e: OC use, smoking status
f: OC use, caffeine consumption
g: caffeine consumption, moderate-to-heavy physical activity
h: OC use, caffeine consumption, smoking status
Tests for trend: estradiol: p = 0.48, 0.15, 0.22, respectively; estrone: p = 0.07, 0.51, 0.10;
progesterone: p = 0.33, 0.50, 0.65, 0.67; prolactin: p = 0.97, 0.47, 0.27, 0.64
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Results were unchanged with exclusion of OC users (n = 13 summer, n = 12 winter, n = 8
longitudinal), of nurses who provided blood samples after 8AM (n = 32 summer, n = 29 winter, n
= 32 longitudinal), or when non-transformed variables were used for analyses.
Multivariate-adjusted associations between night shift-work history (continuous years
and < 20 vs. 20+ years) and sex hormones are presented in Table 4. Geometric means of
estradiol, estrone and progesterone were consistently higher among longer term night shiftworkers (< 20 vs. 20+ years), but were not statistically different. While statistically significant
bivariate associations were observed between continuous years of night shift-work and estradiol,
estrone, and progesterone levels, these findings were confounded by age and other variables, and
so did not remain significant after multivariable adjustments.
Table 4 Multivariate-adjusted associations between night shift-work (continuous and under 20 vs.
20+ years) and sex hormones (log-transformed)
Years of night shift-work
Night shift-work (< 20 vs. 20+ years)
Parameter estimate (p value)
Geometric means (95%CI) of sex hormones
Sex
Hormone
Multivariate< 20 years
20+ years
p for
Unadjusted
adjusted
(n = 67)
(n = 15)
diff
Estradiol
259.4
269.5
0.84
0.02 (0.04)
-0.002 (0.87)
(pmol/L)a
(198.4-338.9)
(182.6-397.7)
Estrone
209.1
258.6
0.11
0.01 (0.02)
0.005 (0.48)
(pmol/L)b
(174.3-250.8)
(197.9-337.9)
Progesterone
7.51 (4.28-13.2)
0.79
0.03 (0.02)
-0.002 (0.86) 7.05 (4.60-10.8)
(nmol/L)b
Prolactin
(ug/L)c

-0.006 (0.27)

0.002 (0.79)

16.5 (13.4-20.2)

15.7 (11.8-20.8)

0.71

Adjusted for age, BMI, menstrual cycle stage, and:
a: OC use, alcohol consumption
b: OC use
c: OC use, caffeine consumption
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DISCUSSION
Overall, this study found no strong evidence for an association between melatonin, night
shift-work history and sex hormone levels. While an inverse relationship between melatonin and
estradiol was suggested in winter, and a step-wise increase in estrone with increasing melatonin
tertiles suggested in summer, these results were not significant with confounder adjustment.
Further, while longer term night shift-workers had higher levels of estrogens and progesterone,
these results were not statistically significant.
Previous studies have identified inverse relationships between melatonin and follicle
stimulating hormone (FSH) and luteinizing hormone (LH) (23), and estradiol (44) in
observational settings; however, these results may be attributed to uncontrolled confounding. In a
report from a melatonin trial of pre- and post-menopausal women, associations observed between
baseline melatonin and FSH (r = -0.322, p < 0.05) and LH (r = -0.314, p < 0.05) levels did not
account for potential confounders in the analysis (23). In another study that reported an inverse
relationship between melatonin and estradiol (r = -0.661, p < 0.0005), only menstrual cycle stage
and OC use were controlled; further, this relationship was confined to a small sub-group of premenopausal women aged 40-50 (n = 25) (44).
The results of more recent observational studies, having more comprehensive confounder
assessment, have been less convincing. Two studies have investigated relationships between
melatonin and sex hormones in women of the Nurses Health Study (NHS) cohort (30-31). Among
80 premenopausal nurses who did not use OCs, melatonin was associated with bioavailable
estradiol (circulating estradiol not bound to plasma proteins; r = -0.25, p = 0.05), and
progesterone (r = 0.31, p = 0.01) measured during the luteal menstrual stage: these relationships
were slightly attenuated and no longer statistically significant after adjustment for age and BMI.
No association was observed between aMT6-s and total estradiol (bioavailable and protein77

bound), estrone or prolactin levels. Despite these findings, long duration of shift-work (15 years
or more versus none) was associated with increased estradiol levels (p = 0.03) (30). Two years
later, the same group published a second study involving an additional 384 women, also mostly
premenopausal and belonging to the NHS (31). Melatonin was weakly associated with estrone
sulfate levels (r = 0.13, p = 0.02), and a step-wise decline in follicular estradiol levels was
suggested for increasing quartile of melatonin (p = 0.07). However, no other hormone (estrone,
progesterone, dehydroepiandrostenedione (DHEA), dehydroepiandrostenedione sulfate
(DHEAS), testosterone and androstenedione) was associated with melatonin. Most recently,
among 206 post-menopausal Japanese women, no association was observed between melatonin
and estradiol, estrone, testosterone or DHEAS, while having ever worked night shifts was related
to increased estrone levels (p = 0.006) (32).
While findings from observational studies have been mostly null, stronger support for
inverse relationships between melatonin and sex hormones has been provided under various
reproductive, pathological and experimental conditions. Unusually high melatonin levels have
been associated with anovulation, oophrectomy and other abnormal ovarian conditions (6, 20, 21,
44), and some experimental melatonin trials have shown reductions in estrogen, LH, FSH, and
even inhibition of ovulation with pharmacologic doses of melatonin (23, 25-29). If melatonin is
truly related to sex hormones, it is possible that under extreme or unnatural conditions of
melatonin and/ or sex hormone levels, relationships may be more apparent.
Along the lines of this type of reasoning, it could be expected that melatonin-sex
hormone relationships may likewise be more evident among shift-workers, who may have
disrupted melatonin secretion. Despite our recruitment of rotating shift nurses, a novel aspect of
this study, no association between melatonin and sex hormones was evident. It is possible that the
particular shift-work schedule studied is not “disruptive” enough to circadian rhythms to cause
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detectable changes in melatonin and/ or sex hormone levels. Further, given that risk estimates for
shift-work and breast cancer are strongest and most consistent for longer durations of shift-work,
our study population may not have had long enough durations of shift-work history for
measurable associations between melatonin and sex hormones.
The longitudinal analysis, novel to this study, also did not reveal melatonin-sex hormone
relationships. This additional analysis was conducted based on a hypothesized latency for the
influence of changes in melatonin on sex hormone levels. The change in season was considered a
possible source of melatonin variability which may cause subsequent changes in sex hormone
production, either acutely or over the course of several months.
In addition to these strengths, there are some limitations. Large variability in sex
hormone levels among participants created substantial “noise” in the data, limiting the ability to
detect associations with variables, namely melatonin, for which effects may be small. While
several steps were taken to reduce or standardize strong predictors of sex hormone levels across
study participants (subjects were excluded if they had been pregnant or lactating in the previous
six months; blood samples were instructed to be fasting and were collected at a consistent time of
day), logistical difficulties prevented the scheduling of data collections across consistent
menstrual cycle stage, and recruitment restraints prevented the exclusion of women who used
OCs. That this work was nested within a larger observational study for which data collection
strategies were guided by separate objectives explains some of these logistical limitations. While
potential confounding by menstrual cycle stage and OC use was assessed and controlled for in the
analyses, the large variability in sex hormone levels contributed by these influences may have
limited study power. The small sample size may have similarly limited power, which may be of
particular interest if proposed relationships between melatonin and sex hormones are small.
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Further, the assessment of menstrual cycle stage was incomplete; as data was not
collected on menstrual cycle length, a 28-day cycle had to be assumed. Based on the reported first
day of their last menstrual period, subjects were categorized into follicular (days 0-10), mid-cycle
(days 11-16) and luteal menstrual stages (days 17+). This created potential misclassification
among women with variable overall and phase-specific cycle lengths. The accuracy of this
classification may have been improved if menstrual cycle length was known, or if women were
scheduled to participate at specific stages of the menstrual cycle. Previous research based out of
the NHS has ensured accuracy of menstrual stage by scheduling study participation at specific
menstrual cycle days that can be reasonably assumed to accurately represent specific menstrual
phases (follicular: 3-5 days following the onset of menstruation; luteal: 7-9 days prior to the onset
of the next menstruation) (30, 31). However, this complex data collection scheduling is a
challenge for observational studies.
The results of this study do not support the proposed biological pathway that involves
altered melatonin and sex hormone levels as intermediates between shift-work and breast cancer
risk. Nevertheless, these findings cannot refute the possible role for melatonin and sex hormones
in breast cancer progression. In addition to the indirect neuroendocrine mechanism discussed in
this paper, cell culture studies have proposed a second direct mechanism for interactions of
melatonin and sex hormones at the level of the breast tumor cell where melatonin could interfere
with estrogen-mediated proliferative signaling (45, 46). While this mechanism may not explain
possible increases in breast cancer incidence among shift-workers, it still suggests a cancerprotective role for melatonin and emphasizes the importance of maintaining healthy melatonin
levels. Several other cancer-protective properties of melatonin have been proposed including antioxidant properties, immodulatory functions, and direct anti-mitotic and pro-apoptotic pathways
(47-49), which may be more relevant for the prevention of cancer initiation. Besides melatonin,
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several alternative pathways may explain increases in cancer risk among shift-workers, including
behavioral or lifestyle changes (50), sleep disturbances (51), and stress (52).
Given the limitations in research on shift-work and breast cancer to date, including recent
studies which show no associations (53, 54), the investigation of potential intermediates may help
to clarify the existence and plausibility of this link. Further, the identification and understanding
of the pathways mediating this link is of critical importance to the development of strategies to
minimize the health impacts of this work schedule. This study contributes observational evidence
concerning the relationships between melatonin and sex hormones, an area with few existing
studies that have shown mostly null findings (30-32). However, given the sample size and large
variability in the data, this study cannot rule out potential relationships between melatonin and
sex hormones. Future studies with larger sample sizes and consistent menstrual variables may
help to elucidate these mechanisms. Furthermore, future studies may consider investigating these
relationships among women working more extreme shift schedules, or among longer term shiftworkers, for sufficient measurable changes in melatonin and/ or sex hormone levels to be
observed.
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Chapter 5
Additional Results
5.1 Introduction
Additional results presented in this chapter were either too detailed or were beyond the
scope of the main objectives of the manuscript. This chapter begins with a more detailed
description of characteristics of the study population, stratified by the level of study participation.
Detailed distributions of melatonin and sex hormones are provided, including further
investigation of reproductive determinants of sex hormone levels. Lastly, results of sensitivity
analyses and regression diagnostics of the main regression analyses are presented.
5.2 Characteristics of the Study Population
Characteristics of the study population, including baseline (assessed from questionnaire)
and seasonal covariates (from diaries) are described in Tables 5.1 & 5.2, respectively. These
characteristics are described separately as the former were collected for each participant once (at
baseline) while the latter were collected during each season of data collection. Given varying
degrees of study participation and subject drop-out, baseline characteristics are compared for
subjects with complete data (have exposure and outcome measures for both seasons, n = 51),
incomplete data (have measures for one season, n = 31) and for subjects that were excluded from
all analyses (participated but provided no blood, n = 7). In addition, these characteristics are
presented separately for nurses who were included in the longitudinal analysis (n = 60), as this
specific group also differed from the overall study population.
Based on the data available, seasonal characteristics are described only for those not
excluded: in total, 68 subjects have complete data for summer and 65 for winter, with an overlap
of 51 women across seasons. Seasonal covariates are also described separately for subjects who
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were included in the longitudinal analysis, as this specific group was different from the former
two. Here, characteristics were assessed from the second season of data collection, based on the
predicted influence of seasonal variables on sex hormones at this time. However, due to the
staggered recruitment of study participants, the second season of data collection was summer for
some participants and winter for others – a variable was created to describe these differences such
that the influence of seasonal order of data collection on the results could be later explored.
The study population for this thesis was primarily white (96.3%) with a mean age of 35.8
± 8.2 years. The majority of nurses (75%) have at least five years night shift experience. Over
half of study participants (51.7%) were overweight or obese according to their BMI classification
(BMI ≥ 25 kg/m2), and 13.4% were current smokers. Subjects consumed an average of 3.4 ± 3.8
alcohol beverages per week with over 75% of subjects reporting weekly alcohol consumption.
In general, characteristics did not vary considerably for subjects with complete vs.
incomplete data, and for the study sample overall compared to excluded women. Excluded
women and women with incomplete data were slightly younger (31.7 ± 13.0 and 33.0 ± 8.2 years,
respectively) with lower BMIs (26.7 ± 7.8 kg/m2 and 25.0 ± 4.7, respectively) compared to
women with complete data (37.5 ± 7.8 years; 28.3 ± 7.4 kg/m2). The proportions of non-white
women among those excluded (28.6% or two women) and for those with incomplete data (6.5%,
two women) were higher than for women with complete data (1.7%, 1 woman), but are based on
very small numbers. Lastly, excluded women consumed less alcohol (2.4 ± 1.9 drinks/ week),
whereas women with incomplete data consumed more alcohol (4.0 ± 4.6) than women with
complete follow-up (3.0 ± 3.2). Women in the longitudinal analysis also did not vary
systematically from the overall study population.
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Table 5.1 Baseline characteristics of the study population by degree of study participation

Characteristic

Personal
Age (yrs; mean ± SD)
20-29
30-39
40-49
50-59
BMI (kg/m2; mean ±SD)
Underweight (<18.5)
Normal (18.5-24.9)
Overweight (25-29.9)
Obese (≥30)
Missing
Ethnicity

Overall
study
population
(n = 82)
N (%)

Nurses in
two seasons’
analyses
(n = 51)
N (%)

Nurses in
one seasons’
analysis
(n = 31)*
N (%)

Nurses in
longitudinal
analysis
(n = 60)
N (%)

Excluded
nurses
(n = 7)
N (%)

35.8 ± 8.2
21 (25.6)
28 (34.2)
30 (36.6)
3 (3.7)
27.1 ± 6.7
2 (2.4)
36 (43.9)
26 (31.7)
17 (20.7)
1 (1.2)

37.5 ± 7.8
8 (15.7)
19 (37.3)
22 (43.1)
2 (3.9)
28.3 ± 7.4
0
20 (39.2)
18 (35.3)
13 (25.5)
0

33.0 ± 8.2
13 (41.9)
9 (29.0)
8 (25.8)
1 (3.2)
25.0 ± 4.7
2 (6.5)
16 (51.6)
8 (25.8)
4 (12.9)
1 (3.2)

36.7 ± 7.9
11 (18.3)
23 (38.3)
24 (40)
2 (3.3)
27.5 ± 7.3
2 (3.33)
25 (41.67)
19 (31.67)
14 (23.33)
0

31.7±13.0
5 (71.4)
0
1 (14.3)
1 (14.3)
26.7 ± 7.8
0
4 (57.1)
2 (28.6)
1 (14.3)
0

57 (95)
3 (5)

5 (71.4)
2 (28.6)

8 (13.3)
12 (20)
40 (66.7)

1 (14.3)
1 (14.3)
5 (71.4)

3.2 ± 3.1

2.4 ± 1.9

12 (20)
21 (35)
10 (16.7)
14 (23.3)
3 (4.6)

1 (14.3)
3 (42.9)
2 (28.6)
1 (14.3)
0
11.0 ±
16.4
5 (71.4)
0
0
1 (14.3)
1 (14.3)

79 (96.3)
50 (98.0)
29 (93.6)
White
3
(3.6)
1
(2.0)
2 (6.5)
Non-white
Lifestyle
Smoking
Smoker
11 (13.4)
7 (13.7)
4 (12.9)
Past-smoker
19 (23.2)
11 (21.6)
8 (25.8)
Never-smoker
52 (63.4)
33 (64.7)
19 (61.3)
Alcohol consumption
3.4 ± 3.8
3.0 ± 3.2
4.0 ± 4.6
(drinks/wk; mean ± SD)
4 (12.9)
12 (23.5)
16 (19.5)
0
9 (29.0)
18 (35.3)
1-2
27 (32.9)
9 (29.0)
7 (13.7)
3-4
16 (19.5)
9 (29.0)
11 (21.6)
20 (24.4)
5+
0
3 (5.9)
3 (3.7)
Missing
History of night shift11.0 ± 8.4
12.1 ± 8.8
9.3 ± 7.7
work (years; mean ±SD)
11 (35.5)
11 (21.6)
22 (26.8)
5 and under
10 (32.3)
18 (35.3)
28 (34.2)
>5-10
3 (9.7)
6 (11.8)
9 (11.0)
>10-15
2 (6.5)
6 (11.8)
8 (9.8)
>15-20
5 (16.1)
10 (19.6)
15 (18.3)
>20
*19 subjects did summer data collection only; 12 subjects winter only

11.7 ± 8.6
14 (23.3)
21 (35.0)
7 (11.7)
7 (11.7)
11 (18.3)
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Detailed seasonal characteristics of the study population are presented in Table 5.2.
Across both seasons, over half of participants completed an average of at least two hours of
physical activity per week. On average, women completed slightly more physical activity in the
winter and consumed slightly more caffeinated beverages in the summer. OC use was essentially
unchanged across seasons, with 19.1 and 18.5% of participants classified as current users in
summer and winter, respectively. Study participation was distributed fairly evenly across luteal
and follicular menstrual cycle stages, but with fewer women in the mid-cycle stage, as expected
due to its shorter duration. Four women in the summer and two women in the winter were
missing information on menstrual cycle stage as they reported no longer menstruating since
completing the original study questionnaire (one-two months prior). These women were
considered possibly peri-menopausal, and a variable was created such that the influence of these
subjects on the final study results could be assessed. In addition, one woman included in the
longitudinal analysis was possibly peri-menopausal, and another woman still pre-menopausal yet
missing information on menstrual cycle stage. In each season, just over half of women provided
blood samples within one hour of the requested time-frame (from 5-7AM), that is, before 8AM,
and close to two-thirds of women before 9AM.
Table 5.2 Seasonal characteristics of the study population
Characteristic

Summer (n = 68)*
N (%)

Winter (n = 65)*
N (%)

Longitudinal
analysis** (n = 60)
N (%)

26 (38.2)
10 (14.7)
28 (41.2)
4 (5.9)

22 (33.9)
9 (13.9)
32 (49.2)
2 (3.1)

19 (31.7)
5 (8.3)
34 (56.7)
2 (3.3)

Reproductive
Menstrual Cycle Stage
Follicular (days 1-10)
Mid-cycle (days 11-16)
Luteal (days >16)
Missing
Current oral contraceptive use
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Yes
No
Missing
Lifestyle

13 (19.1)
53 (77.9)
2 (2.9)

12 (18.5)
51 (78.5)
2 (3.1)

8 (13.3)
50 (83.3)
2 (3.3)

4.43 ± 4.15

4.67 ± 5.45

4.3 ± 4.5

3 (4.41)
16 (23.5)
19 (27.9)
25 (36.8)
5 (7.4)

2 (3.1)
19 (29.2)
14 (21.5)
24 (36.9)
6 (9.2)

2 (3.3)
18 (30)
13 (21.7)
22 (36.7)
5 (8.3)

3.3 ± 3.7

3.6 ± 5.4

3.2 ± 4.4

5 (7.4)
23 (33.8)
18 (26.5)
17 (25)
5 (7.4)

9 (13.9)
22 (33.9)
14 (21.5)
14 (21.5)
6 (9.2)

6 (10)
22 (36.7)
14 (23.3)
13 (21.7)
5 (8.3)

3.3 ± 3.3

3.0 ± 2.7

3.0 ± 2.4

5 (7.4)
27 (39.7)
35 (51.5)
1 (1.5)

7 (10.8)
28 (43.1)
29 (44.6)
1 (1.5)

6 (10)
22 (36.7)
29 (48.3)
2 (5)

Time of day of blood sample collection
36 (52.9)
Before 8AM
32 (47.1)
After 8AM

36 (55.4)
29 (44.6)

28 (46.7)
32 (53.3)

Total physical activity (hrs/
wk; mean ± SD)
0
0-2
> 2-4
>4
Missing
Moderate-to-heavy
physical activity (hrs/ wk;
mean ± SD)
0
0-2
> 2-4
>4
Missing
Caffeinated beverage
consumption (drinks/ day;
mean ± SD)
0
1-2
3+
Missing
Logistical Considerations

35 (58.3)
45 (69.2)
43 (63.2)
Before 9AM
25 (41.7)
20 (30.8)
25 (36.8)
After 9AM
Seasonal order of data collection (for longitudinal analysis)
Summer; winter
35 (58.3)
NA
NA
Winter; summer
25 (41.7)
*An overlap of 51 subjects across the two seasons of data collection
**Seasonal covariates from second season of data collection were considered for analysis
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5.3 Seasonal Melatonin Distributions
Distributions of creatinine-adjusted urinary aMTs-6 levels, the primary exposure of
interest, are presented by season in Figure 5.1. For simplicity, creatinine-adjusted urinary aMTs-6
will henceforth be referred to as “melatonin.” Melatonin distributions were heavily right-skewed,
and so were log-transformed to improve normality of the data. Although there is no distribution
assumption for the independent variable in regression analysis, log-transformed melatonin levels
were used for subsequent analyses to lessen the influence of extreme melatonin values on
regression models (1). Given large inter-individual variability in melatonin levels, including
among healthy individuals (2), it is difficult to define a biologically plausible range for ‘normal’
or healthy melatonin levels (3). As such, log-transformation was chosen as a better approach
compared to outlier exclusion to control for these influential data points. Further, as all previous
observational studies of melatonin-sex hormone relationships in humans have used both logtransformed melatonin and sex hormones (4-6), a similar analysis strategy was chosen to facilitate
comparison.
Figure 5.1 Melatonin distributions by season (left: non-transformed; right: log-transformed)
I) Summer (n = 68)
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II) Winter (n = 65)
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Table 5.3 presents geometric means and 95% confidence intervals (CI) for melatonin
levels by season. The geometric mean and associated CI are produced by back-transforming the
mean and CI of logarithmically-transformed values. Compared to the arithmetic mean (of the
untransformed data), the geometric mean was chosen as a more practical measure of central
tendency since it is less influenced by outliers of the highly right-skewed data distribution (7). For
comparison, non-transformed melatonin levels are also described by season including arithmetic
means and standard deviations.
Geometric mean melatonin level did not vary significantly by season, according to the
difference of least squares means estimates – means were compared using linear mixed modeling
with a random subject effect. This approach accounts for the dependency of observations by the
same individual across seasons (51 subjects provided data in both seasons), and was chosen over
the simple paired t-test, since unlike the paired t-test, this test was not limited to subjects with
paired data (all 82 subjects contributed to this calculation). For comparison, a paired t-test was
also conducted (using only individuals with paired melatonin data; n = 51), and the results of this
test were also non-significant (Wilcoxin signed rank test: p = 0.7394). Despite non-significant
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changes in melatonin levels across seasons, the longitudinal analysis was still conducted given the
novelty of this area of research and the lack of longitudinal studies to date.
Table 5.3 Mean melatonin levels by season
Summer (n = 68)
Variable
Geometric mean (95%CI)

Winter (n = 65)
Geometric mean (95%CI)

p for
diff*

Log-transformed aMTs-6
21.54
23.93
0.64
ng/ creatinine mg
(15.52 – 29.85)
(18.08 – 31.69)
AMTs-6 ng/ creatinine mg
45.51 ± 73.32
44.97 ± 89.63
0.99
(arithmetic mean ± SD)
*Calculated by difference in least squares mean estimates by season using random subject effect

5.4 Distributions and Determinants of Sex Hormones
5.4.1 Seasonal Distributions
Sex hormone levels were highly variable among nurses and distributions were strongly
right-skewed. To improve adherence of the data to regression assumptions (normally distributed
residuals), the normality of outcome distributions were improved by log-transformation (Figure
5.2).
Figure 5.2 Sex hormone distributions by season (left: non-transformed; right: log-transformed)
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(B) Estrone (n = 65)
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(C) Progesterone (n = 67)
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(D) Prolactin (n = 65)
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II) Winter
(A) Estradiol (n = 64)
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(B) Estrone (n = 64)
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(C) Progesterone (n = 62)
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(D) Prolactin (n = 64)
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III) Seasons combined
(A) Estradiol (n = 131)
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(B) Estrone (n = 129)
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(C) Progesterone (n = 129)
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(D) Prolactin (n = 129)
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Seasonal geometric means and 95% CI for each hormone are presented in Table 5.4, and
means were compared by the difference in least squares mean estimates (as described above).
Overall, sex hormone levels did not vary significantly by season. Hormone means are also
presented for data pooled across seasons, which were calculated as the least squares means using
linear mixed modeling with a random subject effect. This approach adjusts for the artificially
deflated variance that occurs with correlated data, and uses within- and between-person variance
to estimate the true unknown population mean for the underlying study base (8).
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Table 5.4 Geometric means of sex hormones by season
Overall
Summer
Sex
Geometric mean
Geometric mean
Hormone
(95% CI), N
(95% CI), N

Winter
Geometric mean
(95% CI), N

P for
diff*

Estradiol
(pmol/L)

258.53
(221.98-301.06), 131

243.23
(200.96-294.59), 67

286.25
(234.52-349.41), 64

0.13

Estrone
(pmol/L)

207.83
(186.92-231.07), 129

216.52
(187.60-249.89), 65

206.20
(183.91-231.20), 64

0.56

Progesterone
(nmol/L)

8.37
(6.90-10.16), 129

8.02
(6.12-10.51), 67

8.97
(6.88-11.68), 62

0.58

Prolactin
(ug/L)

15.07
(13.69-16.60), 129

15.10
(13.31-17.14), 65

14.79
(13.29-16.46), 64

0.96

*Calculated by difference in least squares mean estimates by season using random subject effect

5.4.2 Sex Hormones by Menstrual Cycle Stage
Geometric means and CI were calculated for each hormone by menstrual cycle stage
(Table 5.5). Within each season, geometric means of sex hormones by menstrual stage were
compared using the ANOVA F-test. Hormone ranges for each cycle stage are presented along
with reference ranges for pre-menopausal women described in the KGH Clinical Laboratory
Reference Manual, which are based on the specific laboratory assays used. Hormone reference
intervals vary greatly by both reference population and assay type (9). Further, that there is no
established gold standard assay for sex hormone assessment (10, 11) makes the classification of
normal or ‘healthy’ ranges near impossible. As such, the reference ranges presented should
provide only a general idea of levels that may be expected for pre-menopausal women, according
to the specific assays used in this study.
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Table 5.5 Mean sex hormone levels by menstrual cycle stage and season
Summer
Winter
Sex Hormone Geometric mean
Range
Geometric mean
Range
(95% CI)
N
(95% CI)
N
Estradiol (pmol/L; n = 131 total, 6 missing stage information)
225.5
100-1823
207.0
Follicular
100-756
(155.9-311.9)
26
(151.5-283.0)
(n = 48)
22
Ovulatory
303.4
100-1226
307.3
100-899
(n = 19)
(165.0-557.9)
10
(158.3-596.6)
9
Luteal
230.3
100-1394
335.5
100-1582
(n = 58)
(175.4-302.5)
27
(250.4-449.5)
31
p for diff**
0.55
0.09
Estrone (pmol/L; n = 129 total, 6 missing stage information)
Follicular
209.3
68-919
192.40
90-548
(n = 46)
(167.3-261.8)
25
(158.0-234.3)
21

Laboratory
Reference
Range*
100-450
350-1600
180-1000

137 – 510

Ovulatory
(n = 18)

295.6
(159.9-546.3)

77-845
9

205.7
(149.5-283.1)

108-396
9

137 – 510

Luteal
(n = 59)
p for diff**

191.9
(157.6-233.6)
0.15

62-402
27

217.6
(181.5-260.9)
0.65

85-495
32

185 – 422

2-48
22

0.2 - 4.0

10.3
(4.2-25.3)

3.7-95.8
8

0.25 – 3.8

Luteal
12.1
1.6-69.8
11.5
(n = 57)
(7.5-19.6)
27
(7.6-17.5)
p for diff**
0.03
0.06
Prolactin (ug/L; n = 129 total, 6 missing stage information)
14.7
6.8-45.7
12.8
Follicular
(12.2-17.6)
24
(10.9-15.1)
(n = 46)

2.6-80.6
30

8 – 78

5.8-28.2
22

3.3 - 26.5

9.2-26.7
9

3.3 - 26.5

Progesterone (nmol/L; n = 129 total, 6 missing stage information)
Follicular
5.5
1-63
5.8
(n = 48)
(3.8-8.0)
26
(4.2-8.2)
Ovulatory
(n = 18)

Ovulatory
(n = 19)

7.0
(3.6-13.4)

16.9
(9.9-28.7)

2.8-54.1
10

4.3-45.8
10

15.3
(11.7-20.1)

Luteal
15.2
5.6-38.9
16.6
7.1-62.8
3.3 - 26.5
(n = 58)
(12.4-18.6)
27
(14.0-19.7)
31
p for diff**
0.78
0.10
*Reference ranges as described in the KGH Clinical Laboratory Reference Manual and the
Hospitals in Common Laboratory (HICL) Reference Manual (www.hicl.com)
**From ANOVA F-test for menstrual stage as predictor of sex hormone levels
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To provide a clearer depiction of sex hormone levels across the menstrual cycle,
geometric means are presented graphically by cycle stage (Figure 5.3). In the summer, estradiol
and estrone exhibited characteristic menstrual patterns, peaking mid-cycle; however, patterns
were somewhat atypical in the winter, rising over the cycle and peaking in the luteal stage (see
Figure 3.3 for characteristic patterns of sex hormones across the menstrual cycle). Across both
seasons, progesterone exhibited a characteristic pattern, with levels rising over the course of the
menstrual cycle. Unlike other sex hormones, there is no characteristic menstrual pattern for
prolactin secretion. In our study, similar to estradiol and estrone, prolactin levels peaked midcycle in the summer, yet rose continuously through the cycle in winter.
Figure 5.3 Geometric sex hormone means by menstrual cycle (solid: summer, dashed: winter)
I) Estradiol (pmol/ L; n = 63 summer, n = 62 winter)
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II) Estrone (pmol/ L; n = 61 summer, n = 62 winter)
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III) Progesterone (nmol/ L; n = 63 summer, n = 60 winter)
Progesterone, Geometric Mean
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IV) Prolactin (ug/ L; n = 61summer, n = 62 winter)
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*Please note: final sample sizes for each hormone, by season, are slightly reduced due to missing
menstrual cycle stage information (n = 4 summer; n = 2 winter)

5.4.3 Sex Hormones and Other Reproductive Factors
To better understand variability in sex hormone levels in our study, further exploratory
analysis of reproductive determinants of sex hormone levels was conducted. As many women had
two measures of sex hormones, linear mixed modeling was used. F-statistics and p-values were
calculated for each characteristic as a regressor of each sex hormone. Sex hormone levels were
associated with OC use, parity (the number of times pregnant, including live births, miscarriages
and abortions) and age at first biological child, although associations of parity and age at first
child with progesterone and of parity with prolactin were borderline significant. Age at menarche
was not associated with sex hormone levels, and given the small number of women with either a
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family history of breast cancer or high mammographic density, associations of these variables
with sex hormones were not assessed (Table 5.6).
Table 5.6 Bivariate associations of reproductive characteristics and sex hormones (n = 82)
Association with sex hormones (F-statistic, p-value)
Characteristic
N (%)
Estradiol
Estrone
Progesterone
Prolactin
Current oral contraceptive use
Yes
19 (23.2)
No
61 (74.4)
2 (2.4)
missing
Age at menarche
15 (18.3)
Under 12
21 (25.6)
12
21 (25.6)
13
17 (20.7)
14
8 (9.8)
15 and older
Parity
Nulliparous
40 (48.8)
1-2
26 (31.7)
3 or more
15 (18.3)
1 (1.2)
missing
Age at first child
40 (48.8)
Nulliparous
6 (7.3)
20 and under
10 (12.2)
>20-25
18 (22.0)
>25-30
6 (7.3)
>30-35
2 (2.4)
>35
Family history of breast cancer
Yes
3 (3.7)
No
79 (96.3)
High mammographic density
Yes
2 (2.4)
No
80 (97.6)

21.74
(<0.0001)

19.11
(<0.0001)

9.38
(0.004)

5.41
(0.02)

1.16
(0.34)

0.68
(0.61)

0.92
(0.47)

1.03
(0.40)

3.41
(0.04)

8.52
(0.0007)

1.98
(0.15)

2.66
(0.08)

4.38
(0.002)

4.09
(0.003)

2.17
(0.07)

2.59
(0.04)

-

-

-

-

-

-

-

-

Relationships between sex hormones and menstrual cycle stage were further stratified by
users vs. non-users of OC (Figure 5.4). As expected, estrogen and progesterone levels were lower
in OC users as these medications suppress gonadotropin release, thereby reducing estrogen and
progesterone production (12, 13). Despite these differences, similarities in the cyclical patterns of
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estradiol and estrone production were observed between the two groups. Interestingly, prolactin
levels were consistently higher among OC users across the menstrual cycle.
Figure 5.4 Geometric sex hormone means by menstrual cycle and oral contraceptive use (solid:
non-users n = 61, dashed: users n = 19)
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IV) Prolactin (ug/ L)
Prolactin, Geometric Mean
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5.4.4 Sex Hormone Inter-relationships
Associations between sex hormones were examined to assess similarities in hormone
production across the menstrual cycle. Relationships were assessed using linear mixed models
with a random subject effect to account for the dependency of two hormone measures by the
some individuals (Table 5.7). Estradiol, estrone and progesterone levels were all positively and
significantly inter-related; indicating that individuals with high levels of one of hormone tended
to have high levels of the other two. The association between estradiol and estrone was the
strongest, and was consistent across the follicular and luteal stages of the menstrual cycle
(stratification by the mid-cycle stage was not possible due to small numbers). Relationships
between progesterone and each of estradiol and estrone were slightly weaker, and the association
between progesterone and estrone was not significant during the follicular stage. Although no
significant association was observed between prolactin and other hormones, parameter estimates
were consistently negative, whereas associations between all other sex hormones were positive,
suggesting possible inverse relationships.
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Table 5.7 Associations between log-transformed sex hormone levels
Estrone
Progesterone
Parameter Estimate Parameter Estimate
(p-value)
(p-value)

Prolactin
Parameter Estimate
(p-value)

Estradiol

Overall
Follicular
Luteal

0.47 (<0.0001)
0.49 (0.0002)
0.47 (<0.0001)

0.21 (0.001)
0.23 (0.04)
0.26 (0.01)

-0.31 (0.05)
-0.56 (0.06)
-0.21 (0.34)

Estrone

Overall
Follicular
Luteal

-

0.11 (0.008)
0.19 (0.02)
0.15 (0.02)

-0.14 (0.19)
-0.26 (0.15)
-0.005 (0.97)

-

-

-0.20 (0.34)
-0.33 (0.34)
-0.11 (0.74)

-

-

-

Progesterone Overall
Follicular
Luteal
Prolactin
Overall
Follicular
Luteal

5.5 Bivariate Melatonin-Sex Hormone Relationships
Bivariate associations between log-transformed melatonin and sex hormones were
assessed using generalized linear regression modeling. Parameter estimates and p-values for
melatonin as a predictor of sex hormone levels are presented in Table 5.8. For the cross-sectional
analyses, bivariate relationships were stratified by season. Melatonin was inversely related to
estradiol in winter only (β = -0.18, p = 0.04), and was not associated with other hormones in
either season. Longitudinally, melatonin measures from the first seasons’ study period were not
associated with sex hormone measures from the second.
Table 5.8 Bivariate relationships between log-transformed melatonin and sex hormones
Cross-sectional analysis
Longitudinal analysis
Summer
Winter
Sex Hormone
Parameter Estimate
Parameter Estimate
Parameter Estimate
(p-value; n = 60)
(p-value), N
(p-value), N
Estradiol

-0.01 (0.84), 67

-0.18 (0.04), 64

-0.11 (0.21)

Estrone

0.05 (0.39), 65

-0.05 (0.37), 64

0.007 (0.86)

Progesterone

-0.05 (0.65), 67

0.04 (0.71), 62

-0.008 (0.92)

Prolactin

0.04 (0.42), 65

0.01 (0.84), 64

0.03 (0.44)
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5.6 Confounder Assessment
A systematic strategy was used to examine potential confounding of melatonin-sex
hormone relationships by various personal, lifestyle and reproductive characteristics (see Section
3.8.3). Bivariate associations of potential confounders and sex hormones meeting the screening
criterion of p ≤ 0.20 included age, BMI, menstrual cycle stage, smoking status, alcohol
consumption, moderate-to-heavy physical activity, total physical activity, caffeinated beverage
consumption and OC use, although relationships were not consistent across hormones nor season
(Appendix E, Table 1). Only OC use was statistically significantly associated with all hormones
in both seasons (although the association of progesterone in summer was borderline significant, p
= 0.067). Age, BMI and menstrual cycle stage were identified a priori as important confounders
of interest that are included in all final adjusted models. Base models were developed adjusting
for each of age; age and BMI; and age, BMI, and menstrual cycle stage to assess the contributions
of each grouping of variables on relationships under study (Appendix E, Table 2).
5.7 Regression Diagnostics and Sensitivity Analyses
5.7.1 Regression Diagnostics
Regression diagnostics were performed on all final multivariate-adjusted models to check
assumptions of regression analysis, to evaluate model fitting, and to identify outliers and/ or
influential data points. Pre-regression outlier analysis, for the detection of improbable
exposure and outcome measures, was not conducted given the difficulties in defining clinically
meaningful or biologically plausible reference ranges for melatonin and sex hormone levels.
Large inter-individual variability, and the lack of clearly defined cut-points for normal or healthy
levels, makes the exclusion of individuals based on these criteria alone difficult. Outlier analysis
and influence diagnostics were performed on final adjusted models to identify observations that
exerted strong influences on regression parameters. Analysis of jackknife residuals and Cook’s D
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statistics revealed no strong outliers or influential data points. Normal probability and residual
plots confirmed adherence of data to regression assumptions of normality and homogeneity.
5.7.2 Sensitivity Analyses
Sensitivity analyses were conducted to assess whether relationships changed with
consideration of the time of day of blood sample collection, OC use, the seasonal order of data
collection (for longitudinal analyses) and when non-transformed variables were used for analyses.
The influences of OC use and time of day were assessed by excluding each of OC users and
subjects who gave blood after 8AM from final adjusted models. Final models were also compared
using non-transformed variables to assess the influence of these transformations on regression
results (Table 5.9). Results did not change meaningfully with these considerations: while some
parameter estimates changed slightly, no relationships were significant before or after exclusions.
Regression diagnostics performed on the non-transformed models presented strong residuals
thereby confirming the better fit of the former model.
Table 5.9 Sensitivity analyses I
Regression analysis
Estradiol
Summer (n = 61)
Winter (n = 56)
Longitudinal (n = 54)
Estrone
Summer (n = 59)
Winter (n = 59)
Longitudinal (n = 53)
Progesterone
Summer (n = 61)
Winter (n = 58)
Seasons pooled (n =119)
Longitudinal (n = 56)

Melatonin parameter estimate (p-value)
Original
Exclusion of
Exclusion of
Nontransformed
(final model)
OC users*
blood > 8AM*
variables*
0.005(0.94)a
-0.13 (0.11)b
-0.05 (0.54)c

-0.02 (0.83)
-0.13 (0.10)
-0.06 (0.45)

-0.05 (0.67)
-0.16 (0.15)
0.03 (0.81)

-0.13 (0.82)
0.02 (0.96)
-0.09 (0.73)

0.05 (0.36)a
-0.03 (0.61)d
0.05 (0.40)b

0.02 (0.68)
0.04 (0.68)
0.03 (0.62)

0.03 (0.67)
0.01 (0.90)
0.04 (0.67)

0.24 (0.70)
0.04 (0.79)
-0.03 (0.76)

0.07 (0.46)a
0.14 (0.22)a
0.06 (0.43)a
-0.02 (0.86)a

0.02 (0.68)
-0.02 (0.71)
0.07 (0.41)
0.03 (0.61)

-0.05 (0.67)
0.18 (0.28)
-0.03 (0.73)
-0.27 (0.25)

-0.007 (0.80)
0.028 (0.33)
0.008 (0.66)
-0.01 (0.53)
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Prolactin
-0.0002 (0.99)
0.01 (0.78)e
0.03 (0.70)
Summer (n = 59)
0.03 (0.61)
-0.01 (0.41)
-0.007(0.92)
Winter (n = 59)
-0.004(0.94)
0.003(0.94)f
-0.007 (0.42)
0.01 (0.77)
Seasons pooled (n =118) 0.002(0.95)h
0.01 (0.64)
-0.002 (0.73)
-0.10 (0.19)
Longitudinal (n = 52)
0.04 (0.53)
-0.05 (0.40)g
Exclusion of OC users: n = 13 summer, n = 12 winter, n = 8 longitudinal
Exclusion of blood samples after 8AM: n = 32 summer, n = 29 winter, n = 32 longitudinal
*Adjusted for all variables of corresponding original final model
Adjusted for age, BMI, menstrual cycle stage and:
a: OC use
b: OC use, alcohol consumption
c: alcohol consumption, caffeine consumption
d: OC use, alcohol and caffeine consumption, smoking status, total physical activity levels
e: OC use, smoking status
f: OC use, caffeine consumption
g: caffeine consumption, moderate-to-heavy physical activity
h: OC use, caffeine consumption, smoking status
The influence of the seasonal order of data collection (for the longitudinal analysis) was
assessed by stratifying the final adjusted models according to this variable (Table 5.10). Models
were stratified following confounder selection (as opposed to building separate multivariateadjusted models for each strata), as the original sample size for this analysis was particularly
small (n = 60). Similar to the original models, melatonin was not significantly associated with sex
hormones in the stratified models. While parameter estimates may have changed slightly, there is
no obvious trend in these results. In terms of peri-menopausal status, as women who were
considered potentially peri-menopausal did not have information regarding menstrual cycle stage,
these women were automatically excluded from all final models (which adjusted for menstrual
cycle stage) and so sensitivity analyses were not required.
Table 5.10 Sensitivity analyses II
Original (final
adjusted model)
Analysis
Melatonin parameter
estimate (p-value)
c
Estradiol (n = 54)
-0.05 (0.54)
b
Estrone (n = 53)
0.05 (0.40)
a
-0.02 (0.86)
Progesterone (n = 56)

By seasonal order of data collection
Melatonin parameter estimate (p-value)
Summer; winter*
Winter; summer*
(n = 35)
(n = 25)
-0.101 (0.42)
0.07 (0.64)
0.0431 (0.65)
0.01 (0.90)
0.00363 (0.98)
-0.29 (0.19)
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Prolactin (n = 52)d
-0.05 (0.40)
-0.0485 (0.48)
* adjusted for all variables of corresponding original final model
Adjusted for age, BMI, menstrual cycle stage and:
a: OC use
b: OC use, alcohol consumption
c: alcohol consumption, caffeine consumption
d: caffeine consumption, moderate-to-heavy physical activity

-0.02 (0.89)
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Chapter 6
Discussion
6.1 Summary of Main Findings
The purpose of this thesis was to examine relationships between melatonin and sex
hormones, both cross-sectionally (within each of two seasons) and longitudinally (across
seasons). This thesis also sought to describe relationships of night shift-work history with sex
hormone levels. In addition, exploratory analysis of reproductive determinants of sex hormones
was conducted post-hoc in attempt to better understand variability in the data.
6.1.1 Seasonal Distributions of Melatonin and Sex Hormones
Melatonin levels were highly variable among study participants, with large interindividual differences in peak melatonin production, a finding that is consistent with other studies
(1, 2). Contrary to the study hypotheses, no seasonal difference in melatonin levels was observed,
a finding consistent with some (3) but not all (1, 4-7) studies. It is possible that widespread use of
artificial lighting in our society diminishes the influence of seasonal differences in day length and
natural light exposure on melatonin secretion. Sex hormone levels also did not vary significantly
by season, and this was expected since no source of seasonal variability was anticipated besides
seasonal changes in melatonin.
6.1.2 Other Determinants of Sex Hormones
In attempt to better understand large variability in sex hormone levels observed in our
study, further exploratory analysis of reproductive determinants of sex hormones was conducted.
While some reproductive influences were controlled for by study design (exclusion criteria
included pregnancy or lactation in the previous six months), other characteristics varied among
participants (menstrual cycle stage and OC use) and were responsible for much noise in the data.
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Sex hormones exhibited mostly characteristic patterns over the menstrual cycle, with
geometric means of estradiol and estrone peaking mid-cycle in the summer and progesterone
means increasing through the menstrual cycle in both seasons (see Figure 3.2 for characteristic
patterns of sex hormones across the menstrual cycle). However, estradiol and estrone exhibited
less characteristic patterns in the winter, peaking in the luteal phase. Nevertheless, given large
inter-individual variability in sex hormone levels (for example due to other reproductive or
personal influences) (8, 9), it may be difficult to capture such clear menstrual patterns without
large samples of women across all stages of the menstrual cycle, or without consistency in cycle
stage across individuals. Among reproductive influences, sex hormone levels were found to
associate with parity, age at first child, and current OC use, findings consistent with previous
studies (10, 11), although relations were not consistent across hormones.
As expected, estrogen and progesterone levels were lower in OC users vs. non-users, as
these medications suppress gonadotropin release, thereby reducing estrogen and progesterone
production (12, 13). However, similarities in the cyclical patterns of estradiol and estrone
production across the menstrual cycle were observed between these groups. Because non-users,
who have variable cycle length, were similar to users who have a controlled 28-day cycle, the
assumption of a 28-day cycle may be appropriate as there is no obvious misclassification of cycle
stage. Interestingly, prolactin levels were consistently higher among OC users, a finding that has
been observed in other studies (14, 15) but remains controversial (16).
Significant positive associations were observed between each of estradiol, estrone and
progesterone across cycle stages, findings consistent with previous research (17), indicating that
individuals with high levels of one hormone tended to have high levels of the other two.
Lastly, age was also a strong predictor of sex hormone levels (see Table 1, Appendix).
Taken together, this exploration of hormonal determinants adds validity to the sex hormone data
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of this study. That many characteristic hormone patterns and associations were observed suggests
that despite substantial noise in the data, sex hormone measures are likely accurate.
6.1.3 Melatonin-Sex Hormone Relationships
For the cross-sectional analyses, no significant association was observed between
melatonin and sex hormones in summer or winter. While in bivariate analyses melatonin was
statistically significantly related to estradiol in winter (β = -0.18, p = 0.04), this was slightly
attenuated after confounder-adjustment (β = -0.13, p = 0.11, adjusted for age, BMI, menstrual
cycle stage, OC use and alcohol consumption). Because relationships of melatonin with
progesterone and prolactin did not vary meaningfully by season (multivariate-adjusted melatonin
parameter estimates were in the same direction and of comparable magnitude), data were pooled
across seasons for these two hormones. Despite increased sample size, no association was
observed between melatonin and these hormones. Longitudinally, melatonin from the first
season’s data collection was not associated with sex hormones in the second.
Upon further analysis of these relationships using tertiles of melatonin level, no obvious
trends in geometric sex hormone means were observed. A relationship between melatonin and
estrone was suggested in summer, whereby geometric estrone means increased with a step-wise
increase melatonin tertile (p = 0.07), the direction opposite to study hypotheses. The inverse
relationship between melatonin and estradiol that was suggested using continuous melatonin was
less apparent with tertiles (p = 0.15).
Previous studies have identified inverse relationships between melatonin and follicle
stimulating hormone (FSH) and luteinizing hormone (LH) (18), and estradiol (19) under
observational settings; however, these results may be attributed to uncontrolled confounding. In a
report from a melatonin trial of pre- and post-menopausal women, associations observed between
baseline melatonin and FSH (r = -0.322, p < 0.05) and LH (r = -0.314, p < 0.05) levels did not
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account for potential confounders in the analysis (18). In another study that reported an inverse
relationship between melatonin and estradiol (r = -0.661, p < 0.0005), only menstrual cycle stage
and OC use were controlled; further, this relationship was confined to a small sub-group (n=25)
of pre-menopausal women aged 40-50 (19). Age and BMI are important variables that were
observed to confound melatonin-sex hormone relationships in this and other studies (3, 20, 21),
and so results unadjusted for these variables should be interpreted with caution.
The results of more recent observational studies having more comprehensive confounder
assessment have been less convincing. Two studies have investigated relationships between
melatonin and sex hormones in women of the Nurses Health Study (NHS) cohort (3, 20). Among
80 premenopausal nurses who did not use OC, melatonin was associated with bioavailable
estradiol (circulating estradiol not bound to plasma proteins; r = -0.25, p = 0.05), and
progesterone (r = 0.31, p = 0.01) measured during the luteal menstrual stage: these relationships
were slightly attenuated and no longer statistically significant after adjustment for age and BMI.
No association was observed between melatonin and total estradiol (bioavailable and proteinbound), estrone or prolactin levels (3). Two years later, the same group published a second study
involving an additional 384 women, also mostly premenopausal and belonging to the NHS (20).
Melatonin was weakly associated with estrone sulfate levels (r = 0.13, p = 0.02), and a step-wise
decline in follicular estradiol levels was suggested for increasing quartile of melatonin (p = 0.07).
However, no other hormone (estrone, progesterone, DHEA, DHEAS, testosterone and
androstenedione) was associated with melatonin. Most recently, among 206 post-menopausal
Japanese women, no association was observed between melatonin and estradiol, estrone,
testosterone or DHEAS (21).
While findings from observational studies have been mostly null, stronger support for
melatonin-sex hormone relationships has been provided under various reproductive, pathological
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and experimental conditions. Unusually high melatonin levels have been associated with
anovulation, oophrectomy and other abnormal ovarian conditions (19, 22-24), and some
experimental melatonin trials have shown reductions in estrogen, LH, FSH, and even inhibition of
ovulation with pharmacologic doses of melatonin (18, 25-29). If melatonin is truly related to sex
hormones, it is possible that in circumstances of extreme or unnatural melatonin and/ or sex
hormone levels, relationships may be more apparent.
Along the lines of this type of reasoning, it could be expected that melatonin-sex
hormone relationships may be more evident among shift-workers who may have more extreme
variability in melatonin secretion. Despite our recruitment of rotating shift nurses, a novel aspect
of this study, no association between melatonin and sex hormones was evident. It is possible that
the particular shift-work schedule studied is not “disruptive” enough to circadian rhythms to
cause detectable changes in melatonin and/ or sex hormone levels. Further, given that risk
estimates for shift-work and breast cancer are strongest and most consistent for longer durations
of shift-work, our study population may not have had long enough durations of shift-work history
for measurable associations between melatonin and sex hormones.
The longitudinal analysis, novel to this study, also did not reveal melatonin-sex hormone
relationships. These relationships were explored based on a hypothesized latency for influences
of changes in melatonin on sex hormones. The change in season was considered a possible source
of melatonin variability which may cause subsequent changes in sex hormone production, either
acutely or over the course of several months. However, as melatonin levels were fairly consistent
across seasons in this study, it was unlikely that melatonin measures from the former (compared
to the current) season would have a different relationship with current sex hormone levels.
The relative latency or acuteness of proposed influences of melatonin on sex hormone
levels is unknown. If changes in melatonin and sex hormone levels are acute following exposure
113

to LAN, it is possible that relationships will be missed or less obvious when hormones are
measured during day shifts compared to nights, as was done in this study.
Overall, this study adds to the mostly null findings to date indicating no relationship
between melatonin and sex hormones under observational settings. These findings do not support
the proposed biological pathway, which implicates altered melatonin and sex hormone levels as
intermediates between shift-work and breast cancer risk. Nevertheless, these findings cannot rule
out the possible role for melatonin and sex hormones in breast cancer progression. As described
previously (see Section 2.6), both direct and indirect melatonin-sex hormone relationships have
been proposed. While results of this study do not support the hypothesized indirect
neuroendocrine mechanism whereby melatonin down-regulates sex hormone production (of
interest to breast cancer initiation), a second direct mechanism has been described which may be
more relevant to influences of melatonin and sex hormones on breast cancer progression (30, 31).
Melatonin is believed to act at the level of the breast tumor cell to interfere with estrogenmediated proliferative signaling. While this alternative mechanism may be less likely to explain
an increased breast cancer incidence observed among shift-workers, it still implicates a cancerprotective role for melatonin and emphasizes the need for shift-workers and others exposed to
LAN to maintain healthy melatonin levels.
Besides relationships with sex hormones, several other cancer-protective properties of
melatonin have been proposed including anti-oxidant properties, immodulatory functions, and
direct anti-mitotic and pro-apoptotic pathways (see Section 2.5.3). In addition, several alternative
pathways have been suggested to explain the increased cancer risk among shift workers, outside
of the melatonin pathway, including behavioral or lifestyle changes (32), sleep disturbances (33),
and stress (34). In terms of behavioral changes, a recent review describes a higher prevalence of
smoking and alcohol consumption, and higher BMIs among many studies of shift-workers (32), a
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finding somewhat consistent with our study where over 20% of nurses were obese (BMI ≥ 30)
and 13% current smokers (compared to the 2009 national averages for Canadian females of
16.7% obesity and 17.7% current smokers) (35). In support of this pathway, shift workers also
experience increased risks of other diseases that are related to unhealthy lifestyles such as
diabetes mellitus (36), metabolic syndrome (37), obesity (38, 39) and cardiovascular disease (40).
6.1.4 Night Shift-work and Sex Hormones
Associations between night shift-work history and sex hormone levels were also
assessed. While years of night shift-work was significantly associated with increased estradiol,
estrone and progesterone levels in bivariate analyses, these results were strongly confounded by
age and other variables, and were attenuated following multivariate adjustments. Further,
multivariate-adjusted geometric sex hormone means were not statistically different between
women with under 20 vs. 20 or more years of night shift-work experience. Two previous studies
have examined associations of night shift history and sex hormone levels: among participants of
the NHS, significantly reduced estradiol levels were observed in pre-menopausal nurses who had
worked 15 or more years of night shifts compared to nurses with no night shift experience (p =
0.03) (20), and among a group of post-menopausal Japanese women, having ever worked nights
was associated with significantly reduced estrone levels (p = 0.006) (21).
6.2 Strengths and Limitations
This study has several strengths. In terms of observational research to date, the shiftworking study population and the collection of cross-seasonal melatonin and sex hormone levels
are novel aspects of this study. Shift-workers, who are prone to LAN exposure, may have
disrupted melatonin production and therefore greater extremes in melatonin variability. Under
such conditions, proposed relationships between melatonin and sex hormones may be more
apparent. Further, it may be of greater relevance to know whether these relationships exist among
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shift-workers, as it is of interest to know their relevance to shift-work and cancer. In this study,
the collection of longitudinal data, across seasons, allowed for the investigation of additional
latency periods for relationships between melatonin and sex hormones, which is useful towards
elucidating the as yet unknown biologically relevant time-frame for these relationships.
The comprehensive assessment of confounding is another benefit to this study. Many
studies that have identified relationships between melatonin and sex hormones under
observational settings are limited by uncontrolled confounding and so relationships may be
biased. While bivariate relationships between melatonin and estradiol (in winter) and between
years of night shift-work and estradiol, estrone, and progesterone levels were observed in this
study, results were no longer significant after confounder adjustment.
In addition to these strengths, there are some limitations. Large variability in sex
hormone levels among participants created substantial noise in the data, limiting the ability to
detect associations of other variables, namely melatonin, for which effects may be small. While
several steps were taken to reduce or standardize the influences of strong predictors on sex
hormone levels across study participants (subjects were excluded if they had been pregnant or
lactating in the previous six months; blood samples were instructed to be fasting and were
collected at a consistent time of day), logistical difficulties prevented the scheduling of data
collections across consistent menstrual cycle stage, and recruitment restraints prevented the
exclusion of women who used OC. That this work was nested within a larger observational study
for which data collection strategies were guided by separate objectives explains some of these
logistical limitations. While potential confounding by these factors was assessed and controlled
for in the analyses, the large variability in sex hormone levels contributed by these influences
may have limited study power.
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The small sample size may have similarly limited study power, and these power issues
may be of particular interest if proposed relationships between melatonin and sex hormones are
small. Based on a priori minimum detectable effect calculations, this study was sufficiently
powered (80%, α = 0.05) to detect associations as small as β = ± 0.33 based on a suspected
sample size of 76 (for the longitudinal analysis) and β = ± 0.30 based on a sample of 89 (for the
cross-sectional analyses by season). As little is known regarding the “normal” inter-individual
variability in these hormones, these calculations were based on standardized exposure and
outcome variables (where SD = 1).
Given that final sample sizes were much smaller than originally anticipated, and that
some results of this study were close to statistical significance, post-hoc minimum detectable
effect estimates (MDE) were calculated using the final sample sizes obtained and the empirical
variability observed in the data (Table 6.1). Based on the post-hoc MDE calculations, the
possibility of large relationships between melatonin and sex hormones (i.e. β ≥ 0.5) can be ruled
out as the present study was sufficiently powered to detect such associations. However, given that
MDE are higher than associations observed, we cannot rule out a lack of power as a possible
explanation for the lack of statistically significant findings, particularly those results that
approached statistical significance.
Table 6.1 Post hoc minimum detectable effect (MDE) calculations
Estradiol
Estrone
Progesterone
Prolactin
Analysis
MDE, N
MDE, N
MDE, N
MDE, N
Cross-sectional
Summer
± 0.21, 61
± 0.16, 59
± 0.30, 61
± 0.41, 59
Winter
± 0.27, 56
± 0.15, 59
± 0.33, 58
± 0.14, 59
Pooled seasons
± 0.23, 119
± 0.09, 118
Longitudinal
Across seasons
± 0.27, 54
± 0.17, 53
± 0.40, 56
± 0.18, 52
*Due to use of mixed model and reduced power with random effects modeling, MDE for analyses
of pooled seasons may be slightly underestimated
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While exposure and outcome variables were measured objectively through the use of
biomarkers, the assessment of circulating sex hormone levels by RIA has several challenges. A
lack of standardized, validated assays has been described as a major limitation of sex hormone
research to date (41). While standard medical diagnostic assays available at KGH and MUMC
were used for sex hormone assessment in this study, the lack of gold standard tools limits our
ability to quantify the validity of these assays. Further, the reproducibility of these techniques is
difficult to assess given the challenges in accounting for the highly variable nature of sex
hormone levels that fluctuate with many personal, reproductive and circadian influences.
Nevertheless, as previously described, the characteristic cyclical hormone patterns and
determinants observed in our study add validity to the sex hormone data. Peak nocturnal
melatonin levels were assessed using a validated assay (aMTs-6 ELISA), which is highly
comparable to the gold standard RIA (r = 0.969) (42). The WSIB pilot study ensured accuracy for
the reflection of nocturnal melatonin secretion by this measure in our source population of
rotating shift nurses (4). Several quality control procedures were followed to ensure precision of
melatonin and hormone assays and to reduce the risk of measurement error (see Sections 3.5.4,
3.6.4).
The validity of a single sex hormone measure to portray long-term levels in premenopausal women, of relevance to breast cancer risk, is unclear (see Section 3.6.1).
Nevertheless, so long as sex hormone measures accurately characterize hormone levels at the
time of study (of interest to relationships with melatonin levels), the investigation of relationships
between these intermediates is valid.
In the interest of cost and the amount of blood drawn, analysis was restricted to four sex
hormones for which relationships with melatonin were plausible. It may be of interest to study
relationships between melatonin and gonadotropic hormones, namely FSH and LH: if melatonin’s
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proposed down-regulation of sex hormone levels occurs by interference at the level of the
hypothalamic pituitary axis, relationships between melatonin and FSH and LH may be more
direct and therefore stronger than those of more downstream ovarian hormones.
Despite the objective measures of exposure and outcome through the use of biomarkers,
most covariates were characterized using self-reported data, which presents the opportunity for
misclassification of confounder information. Misclassification that is non-differential with respect
to exposure or outcome, as is likely in this study, results in diluted associations of confounders
with these variables, which in turn reduces the effectiveness of confounder adjustment (43). As
such, multivariate-adjusted results of this study could be subject to residual confounding, and this
may mask true relationships which could be either weaker or stronger.
This is of particular importance to menstrual cycle stage, which was additionally limited
by a lack of information regarding menstrual cycle length. Here, based on the reported first day of
their last menstrual period, subjects were categorized into follicular (days 0-10), mid-cycle (days
11-16) and luteal menstrual stages (> day 16) assuming a 28-day cycle. This created potential
misclassification among women with variable overall and phase-specific cycle lengths. The
accuracy of this classification may have been improved if menstrual cycle length was known, or
if women were scheduled to participate at specific stages of the menstrual cycle. That most
variability in menstrual cycle length is due to differences in the length of the follicular phase (13)
makes this classification especially challenging, given that this category had to be strictly defined
(0-10 days). As menstrual cycle patterns of estradiol and estrone were less obvious in winter
(geometric means did not follow characteristic menstrual trends), residual confounding by
menstrual stage in winter is possible. Nevertheless, given large inter-individual differences in sex
hormone levels, it may be difficult to capture such characteristic patterns without large samples of
women across all stages of the menstrual cycle, or without consistency in cycle stage across
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individuals. Further, similarities in the cyclical patterns of estradiol and estrone production
between OC users (who have a controlled 28-day cycle) and non-users (who may have variable
cycle length) suggests that the assumption of a 28-day cycle was not inappropriate as there is no
obvious misclassification of cycle stage.
The accuracy of menstrual stage classification may have been improved if menstrual
cycle length was known, or if women were scheduled to participate at specific stages of the
menstrual cycle. Previous research based out of the NHS has ensured accuracy of menstrual stage
by scheduling study participation at specific menstrual cycle days that can be reasonably assumed
to accurately represent specific phases (follicular: 3-5 days following the onset of menstruation;
luteal: 7-9 days prior to the onset of the next menstruation) (3, 20). However, this complex data
collection scheduling is challenging for observational studies.
Given that nurses volunteered to participate, selection bias may be a concern for the
internal validity of this study. However, for this bias to occur, selection into (or out of) the study
must be related to both the exposure and outcome. While it is possible that nurses with greater
shift-work experience (and possibly therefore lower melatonin levels) may have been more keen
to participate, shift-work experience is unlikely to have been independently related to sex
hormones. Other factors that may have influenced study participation, such as general health
status, are also unlikely to be independently related to each of melatonin and sex hormone levels
and therefore unlikely to bias relationships. As characteristics of the overall premenopausal shiftworking population of nurses at KGH are unknown, our sample of nurses cannot be compared to
the underlying study base. Further, as it is unknown how many nurses were eligible to participate
in this study, the typical “response rate” cannot be calculated and the representativeness of our
sample to the study base is difficult to assess.
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Given the multiple data collection periods and varying degrees of study participation and
follow-up, selection out of the study was assessed. Characteristics were compared between
individuals who participated (and had full data) in both seasons compared to one, and for those
who completed the original study questionnaire but did not take part in either seasonal study
period. As there were no meaningful differences in characteristics between groups, selection out
of the study is unlikely to have biased study results.
A further limitation of this study is unknown generalizability of results beyond the
specific study base, premenopausal nurses at one hospital who follow one shift schedule.
Relationships are likely not generalizable to men given differences in the relative importance of
certain sex hormones by gender, and generalizability to post-menopausal women, whose hormone
secretion patterns and determinants differ from pre-menopausal women, is also unclear. It is also
possible that within pre-menopausal women, these relationships will vary depending on shiftwork status and the “disruptive” potential of the particular shift schedule followed to normal
circadian rhythms.
6.3 Future Directions
Overall, this study adds to the mostly null findings to date indicating no relationship
between melatonin and sex hormones under observational settings. It is possible that the
particular shift-work schedule followed by study participants is not sufficiently disruptive to
cause meaningful, measurable changes in melatonin and/ or sex hormone levels. As such, it may
be useful to investigate these relationships among other shift-work schedules including permanent
night shift-workers. Further, given that risk estimates for shift-work and breast cancer are
strongest and most consistent for longer durations of shift-work, these relationships may also be
more apparent among longer term shift-workers. It may therefore be useful to also study these
relationships among women who have longer histories of shift-work.
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If changes in melatonin and sex hormone levels are acute following LAN exposure, it is
possible that relationships will be missed or less obvious when hormones are measured during
day shifts, as was done in this study. Future studies may therefore consider investigating these
relationships during night shifts.
To improve study power, future studies may also consider increasing sample size, and
coordinating data collection at a consistent menstrual cycle stage and/ or excluding the use of OC
prior to study enrollment to reduce variability in sex hormone levels. This may in turn, maximize
study power through reducing noise in the data, and may aid in the detection of less influential
predictor variables of interest, namely melatonin.
6.4 Contribution of Research and Conclusions
Given the limitations of research on shift-work and breast cancer to date, including recent
studies which show no associations (44, 45), the investigation of potential intermediates in this
pathway may help to clarify the existence and plausibility of this link. Further, if shift-work is
scientifically validated as breast cancer agent, an identification and understanding of the
pathways mediating this link is of critical importance to the development of strategies to
minimize health impacts of this work schedule. This study contributes observational evidence
concerning the relationships between melatonin and sex hormones, an area with few existing
studies with mostly null findings. While much support for these relationships has been provided
under various reproductive, pathological and experimental conditions (see Section 2.6); it appears
that these relationships are less applicable to normal human physiology. Despite several novelties
compared to previous research, including the use of a shift-working population, the assessment of
longitudinal relationships, and comprehensive confounder assessment, this study did not identify
associations between melatonin and sex hormones. While it is possible that these results were
limited by low study power and residual confounding by menstrual stage or other variables, these
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findings do not support the hypothesized biological pathway which implicates altered melatonin
and sex hormone levels as intermediates between shift-work and increased breast cancer risk.
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Appendix E
Additional Tables & Figures
Table 1 Bivariate associations between potential confounders and sex hormone levels (logtransformed)
I) Summer
Estradiol
Parameter
estimate
(p-value)

Estrone
Parameter
estimate
(p-value)

Progesterone
Parameter
estimate
(p-value)

Prolactin
Parameter
estimate
(p-value)

Age (years)

0.03 (<0.0001)

0.02 (0.007)

0.04 (0.01)

-0.01 (0.11)

BMI (kg/m2)

0.003 (0.83)

0.01 (0.24)

-0.04 (0.03)

0.01 (0.24)

0.01 (0.97)

0.22 (0.33)

0.009 (0.98)

-0.007 (0.97)

0.22 (0.37)

0.20 (0.27)

0.25 (0.46)

-0.25 (0.12)

-0.03 (0.31)

-0.02 (0.37)

0.01 (0.83)

-0.007 (0.72)

-0.03 (0.28)

-0.03 (0.16)

-0.02 (0.67)

-0.01 (0.49)

-0.02 (0.26)

0.01 (0.73)

-0.007 (0.65)

0.02 (0.41)

0.03 (0.48)

-0.02 (0.22)

0.09 (0.58)

-0.79 (0.009)

-0.03 (0.82)

0.43 (0.05)

-0.55 (0.17)

0.10 (0.59)

-0.64 (0.0002)

-0.64 (0.07)

0.44 (0.006)

Covariate
Personal Characteristics

Lifestyle Factors
Smoking status
Current smoker
Past-smoker
Never-smoker (ref)
Alcohol consumption
(drinks/ wk)
Moderate-to-heavy
physical activity (hrs/ wk)

Total physical activity
-0.01 (0.54)
(hrs/ week)
Caffeinated beverage
-0.0009 (0.98)
consumption (drinks/
day)
Reproductive Characteristics
Menstrual cycle stage
-0.02 (0.92)
Follicular
Ovulatory
0.28 (0.33)
Luteal (ref)
Oral contraceptive use
-0.77 (0.001)
Yes
No (ref)
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II) Winter
Estradiol
Parameter
estimate
(p-value)

Estrone
Parameter
estimate
(p-value)

Progesterone
Parameter
estimate
(p-value)

Prolactin
Parameter
estimate
(p-value)

Age (years)

0.03 (0.007)

0.01 (0.17)

0.01 (0.52)

-0.02 (0.01)

2

-0.001 (0.93)

0.01 (0.24)

0.03 (0.11)

0.02 (0.01)

0.26 (0.11)

0.07 (0.85)

-0.003 (0.99)

0.006 (0.97)

-0.07 (0.83)

-0.15 (0.23)

-0.02 (0.17)

0.009 (0.79)

0.01 (0.44)

-0.01 (0.24)

-0.004 (0.87)

-0.0004
(0.97)

-0.01 (0.21)

0.0002 (0.99)

-0.001 (0.93)

0.03 (0.19)

-0.05 (0.31)

-0.05 (0.008)

-0.12 (0.35)

-0.68 (0.02)

-0.26 (0.03)

-0.06 (0.75)

-0.11 (0.78)

-0.08 (0.62)

-0.30 (0.04)

-0.80 (0.02)

0.28 (0.04)

Covariate
Personal Characteristics
BMI (kg/m )

Lifestyle Factors
Smoking status
0.10 (0.73)
Current smoker
Past-smoker
-0.24 (0.32)
Never-smoker (ref)
Alcohol consumption
-0.063 (0.02)
(drinks/ wk)
Moderate-to-heavy
-0.02 (0.39)
physical activity (hrs/ wk)
Total physical activity
-0.02 (0.44)
(hrs/ week)
Caffeinated beverage
0.06 (0.10)
consumption (drinks/
day)
Reproductive Characteristics
Menstrual cycle stage
-0.48 (0.03)
Follicular
Ovulatory
-0.09 (0.77)
Luteal (ref)
Oral contraceptive use
Yes
-0.79 (0.002)
No (ref)
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III) Seasons pooled
Estradiol
Parameter
estimate
(p-value)

Estrone
Parameter
estimate
(p-value)

Progesterone
Parameter
estimate
(p-value)

Prolactin
Parameter
estimate
(p-value)

Age (years)

0.03 (0.0007)

0.02 (0.003)

0.03 (0.02)

-0.01 (0.03)

BMI (kg/m2)

0.004 (0.75)

0.01 (0.09)

-0.009 (0.53)

0.01 (0.07)

Covariate
Personal Characteristics

Lifestyle Factors
Smoking status
-0.04 (0.78)
0.08 (0.78)
0.18 (0.24)
0.06 (0.78)
Current smoker
Past-smoker
-0.19 (0.09)
0.10 (0.68)
0.08 (0.51)
0.002 (0.99)
Never-smoker (ref)
Alcohol consumption
-0.0008
-0.05 (0.02)
-0.02 (0.14)
0.009 (0.74)
(drinks/ wk)
(0.95)
Moderate-to-heavy
-0.02 (0.24)
-0.01 (0.31)
-0.006 (0.76)
-0.006 (0.47)
physical activity (hrs/
wk)
Total physical activity
-0.01 (0.44)
-0.01 (0.33)
0.007 (0.71)
-0.006 (0.49)
(hrs/ week)
Caffeinated beverage
0.02 (0.45)
0.02 (0.24)
0.0001 (0.99)
-0.02 (0.13)
consumption (drinks/
day)
Reproductive Characteristics
Menstrual cycle stage
Follicular
-0.25 (0.09)
-0.07 (0.49)
-0.75(0.0005)
-0.04 (0.63)
Ovulatory
Luteal (ref)
0.007 (0.97)
0.09 (0.49)
-0.39 (0.16)
0.09 (0.35)
Oral contraceptive use
Yes
-0.79 (<0.0001) -0.49 (<0.0001)
-0.71 (0.004)
0.24 (0.02)
No (ref)
*Please note: regression analysis using data pooled across seasons was only conducted if final
multivariate-adjusted models did not vary meaningfully by season
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IV) Longitudinal analysis
Estradiol
Parameter
estimate
(p-value)

Estrone
Parameter
estimate
(p-value)

Progesterone
Parameter
estimate
(p-value)

Prolactin
Parameter
estimate
(p-value)

Age (years)

0.03 (0.004)

0.02 (0.02)

0.02 (0.26)

-0.007 (0.31)

2

-0.01 (0.34)

0.002 (0.81)

-0.008 (0.70)

0.01 (0.15)

0.08 (0.78)

0.34 (0.06)

-0.26 (0.57)

0.17 (0.29)

-0.23 (0.34)
-0.11
(0.0002)
-0.008
(0.73)

0.04 (0.81)

0.17 (0.68)

-0.09 (0.50)

-0.05 (0.02)

0.01 (0.77)

0.005 (0.80)

-0.01 (0.35)

-0.03 (0.46)

-0.03 (0.05)

-0.01 (0.63)

-0.01 (0.33)

-0.04 (0.32)

-0.02 (0.09)

0.05 (0.19)

0.03 (0.31)

-0.07 (0.30)

-0.06 (0.01)

-0.16 (0.45)

-0.25 (0.86)

-0.81 (0.01)

-0.09 (0.47)

0.13 (0.71)

-0.05 (0.84)

-0.48 (0.36)

-0.02 (0.90)

0.95 (0.0004)

0.55 (0.002)

0.93 (0.03)

-0.33 (0.04)

Covariate
Personal Characteristics
BMI (kg/m )
Lifestyle Factors
Smoking status
Current smoker
Past-smoker
Never-smoker (ref)
Alcohol consumption
(drinks/ wk)
Moderate-to-heavy
physical activity (hrs/ wk)
Total physical activity
(hrs/ week)
Caffeinated beverage
consumption (drinks/
day)
Reproductive Characteristics
Menstrual cycle stage
Follicular
Ovulatory
Luteal (ref)
Oral contraceptive use
Yes
No (ref)
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Table 2 Associations between melatonin and sex hormones (all log-transformed)
Base Models
MultivariateBivariate
Parameter Estimate (p-value)
adjusted
Parameter
Parameter
Sex Hormone
Age, BMI,
Estimate
Age
Age, BMI
Estimate
menstrual
(p-value)
adjusted
adjusted
(p value); R2
stage
Estradiol
Summer

-0.01 (0.84)

-0.03 (0.70)

-0.04 (0.59)

-0.01 (0.89)

Winter

-0.18 (0.04)

-0.19 (0.02)

-0.19 (0.03)

-0.18 (0.03)

Longitudinal

-0.11 (0.20)

-0.10 (0.27)

-0.09 (0.27)

-0.09 (0.31)

Estrone
Summer

0.05 (0.39)

0.03 (0.53)

0.009 (0.86)

0.03 (0.65)

Winter

-0.05 (0.37)

-0.05 (0.35)

-0.04 (0.41)

-0.04 (0.48)

Longitudinal

0.01 (0.79)

0.03 (0.64)

0.02 (0.69)

0.03 (0.65)

Progesterone
Summer

-0.05 (0.65)

-0.06 (0.55)

-0.02 (0.87)

0.04 (0.70)

Winter

0.04 (0.71)

0.04 (0.75)

0.07 (0.55)

0.11 (0.35)

Longitudinal

-0.12 (0.39)

-0.11 (0.45)

-0.11 (0.46)

-0.05 (0.73)

Seasons pooled

-0.02 (0.82)

-0.02 (0.74)

-0.02 (0.76)

0.03 (0.69)

Prolactin
Summer

0.04 (0.42)

0.04 (0.35)

0.03 (0.47)

0.05 (0.38)

Winter

0.01 (0.84)

0.01 (0.75)

0.02 (0.60)

0.03 (0.50)

Longitudinal

0.02 (0.64)

0.02 (0.68)

0.02 (0.76)

0.01 (0.78)

Seasons pooled

0.03 (0.30)

0.03 (0.26)

0.03 (0.31)

0.03 (0.38)

0.005
(0.94); 0.24a
-0.13
(0.11); 0.37b
-0.05
(0.54); 0.36c
0.05
(0.36); 0.34a
-0.03
(0.61); 0.33d
0.05
(0.40); 0.25b
0.07
(0.46); 0.38a
0.14
(0.22); 0.26a
-0.02
(0.86); 0.28a
0.06 (0.43)a
0.01
(0.78); 0.20e
0.003
(0.94); 0.29f
-0.05
(0.40); 0.27g
0.002 (0.95)f

Adjusted for age, BMI, menstrual cycle stage, and:
a- OC use
b- OC use, alcohol consumption
c- alcohol consumption, caffeine consumption
d- OC use, alcohol/ caffeine consumption, smoking status, total physical activity levels
e- OC use, smoking status
f- OC use, caffeine consumption
g- caffeine consumption, moderate-to-heavy physical activity
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Table 3 Association of night shift-work history with sex hormone levels (log-transformed)
Base Models
MultivariateBivariate
Parameter Estimate (p-value)
adjusted
Sex
Parameter
Parameter
Age, BMI
Age, BMI,
Hormone
Estimate
Age adjusted
Estimate
adjusted
menstrual
(p-value)
(p-value)
stage adjusted
Estradiol
Estrone
Progesterone
Prolactin

0.02 (0.04)

-0.002 (0.85)

0.0003 (0.98)

-0.003 (0.76)

-0.002 (0.87)a

0.01 (0.02)

0.004 (0.55)

0.007 (0.28)

0.006 (0.37)

0.005 (0.48)b

0.03 (0.02)

0.02 (0.26)

0.02 (0.26)

0.002 (0.90)

-0.002 (0.86)b

-0.006 (0.27)

0.0008 (0.90)

0.002 (0.79)

0.002 (0.78)

0.002 (0.79)c

Adjusted for age, BMI, menstrual cycle stage, and:
a- OC use, alcohol consumption
b- OC use
c- OC use, caffeine consumption
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Figure 1 Multivariate-adjusted associations between melatonin and sex hormones (all logtransformed)
I) Estradiol
(A) Summer – β = 0.005 (p = 0.94); adjusted for age, BMI, menstrual cycle stage, OC use (n
= 61)
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(B) Winter – β = -0.13 (p = 0.11); adjusted for age, BMI, menstrual cycle stage, OC use,
alcohol consumption (n = 56)
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(C) Longitudinal – β = -0.05 (p = 0.54); adjusted for age, BMI, menstrual cycle stage, OC
use, caffeine consumption (n = 54)
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II) Estrone
(A) Summer – β = 0.05 (p = 0.36); adjusted for age, BMI, menstrual cycle stage, OC use (n =
59)
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(B) Winter – β = -0.03 (p = 0.61); adjusted for age, BMI, menstrual cycle stage, OC use,
alcohol consumption, caffeine consumption, smoking status, total physical activity level
(n = 59)
season=winter
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(C) Longitudinal – β = 0.05 (p = 0.40); adjusted for age, BMI, menstrual cycle stage, OC use,
alcohol consumption (n = 53)
logestro
7

6

5

4
-1

0

1

2

3

4

5

6

7

8

logmel

160

III) Progesterone
(A) Summer – β = 0.07 (p = 0.46); adjusted for age, BMI, menstrual cycle stage, OC use (n =
61)
season=summer
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(B) Winter – β = 0.14 (p = 0.22); adjusted for age, BMI, menstrual cycle stage, OC use (n =
58)
season=winter
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(C) Longitudinal – β = -0.02 (p = 0.86); adjusted for age, BMI, menstrual cycle stage, OC
use (n = 56)
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(D) Seasons pooled – β = -0.02 (p = 0.86); adjusted for age, BMI, menstrual cycle stage, OC
use (n = 119)
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IV) Prolactin
(A) Summer – β = 0.01 (p = 0.78); adjusted for age, BMI, menstrual cycle stage, OC use,
alcohol consumption, caffeine consumption (n = 59)
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(B) Winter – β = 0.003 (p = 0.94); adjusted for age, BMI, menstrual cycle stage, OC use,
caffeine consumption (n = 59)
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(C) Longitudinal – β = -0.05 (p = 0.40); adjusted for age, BMI, menstrual cycle stage, OC
use, caffeine consumption, moderate-vigorous physical activity (n = 52)
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(D) Seasons pooled – β = 0.002 (p = 0.95); adjusted for age, BMI, menstrual cycle stage, OC
use, caffeine consumption, smoking status (n = 118)
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