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Highlights

e Cancer research has focused on sleep as an outcome or symptom.

e Evidence suggests circadian disruption leads to increased breast cancer risk.
o Effects of sleep disruption for mammary oncogenesis are relatively unknown.
¢ Sleep and interrelated circadian disruption may combine to increase risk.

Nature and strength of combined or independent risk factors are unclear.

Abstract

Opportunities for restorative sleep and optimal sleep-wake schedules are becoming luxuries in
industrialized cultures, yet accumulating research has revealed multiple adverse health effects
of disruptions in sleep and circadian rhythms, including increased risk of breast cancer. The
literature on breast cancer risk has focused largely on adverse effects of night shift work and
exposure to light at night (LAN), without considering potential effects of associated sleep
disruptions. As it stands, studies on breast cancer risk have not considered the impact of both
sleep and circadian disruption, and the possible interaction of the two through bidirectional
pathways, on breast cancer risk in the population at large. We review and synthesize this
literature, including: 1) studies of circadian disruption and incident breast cancer; 2) evidence for
bidirectional interactions between sleep and circadian systems; 3) studies of sleep and incident
breast cancer; and 4) potential mechanistic pathways by which interrelated sleep and circadian

disruption may contribute to the etiology of breast cancer.

Keywords: breast cancer; circadian disruption; sleep disruption; sleep; sleep duration; light at

night; night shift work; LAN; mammary oncogenesis; circadian rhythms; cancer
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Introduction

Breast cancer is the most common cancer in women and the principal cause of death from
cancer among women worldwide [1]. Recently, the National Cancer Institute projected that the
total number of breast cancer cases in the United States will be 50% greater by 2030 than it
was in 2011 [2]. Given the increasing personal and global health burden posed by this disease,
there is a need to identify potentially modifiable behavioral risk factors that may illuminate new

opportunities for cancer prevention and targets for intervention.

Researchers have identified a number of risk factors for breast cancer, including penetrant gene
mutations [3] and genetic polymorphisms [4], race [5], age [6], and breast density [7]. Many of
the identified risk factors are non-modifiable, however, and thus far, only a small percentage of
breast cancer risk has been successfully linked to genetic inheritance [8;9]. Considerable
research has investigated the associations between daytime behaviors, such as alcohol
consumption [10], smoking [11], diet [12], and physical activity [13], and individual risk for breast
cancer. However, much less attention has been paid to the one-third of our daily experience that
occurs during sleep. The research that has been conducted to date on nocturnal behaviors and
incident cancer has focused largely on exposure to light at night (LAN) and night shift workers, a
population with high LAN exposure. There is considerable evidence supporting a role for LAN in
cancer risk, particularly in night shift workers, and this evidence has been thoroughly reviewed
elsewhere [14-16]. However, we propose that the LAN model of circadian disruption for
oncogenesis is incomplete without considering the contributions of a densely interrelated

process: sleep.

The present review therefore builds upon the framework established in these previous models in
three innovative and important ways: 1) we present converging trans-disciplinary empirical

evidence to support expanding the LAN model of cancer risk to include sleep disruption, above
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and beyond night shift work; 2) we propose that sleep disruption and circadian disruption may
be risk factors for all individuals, regardless of shift work status; and 3) we focus our review
specifically on incident breast cancer, given that the heterogeneity of cancers makes broader

generalizations and associations challenging to support.

Three points are integral to this review: First, the theoretical mechanisms of LAN exposure for
cancer risk are not limited to night shift workers. The average human in industrialized societies
today is regularly exposed to a significant degree of LAN and chronodisruption, regardless of
shift work status, particularly in relation to the recent surge in technological availability and
nighttime use [17;18] and overall country-level LAN [19;20]. Furthermore, in all humans,
changes in circadian rhythms are often accompanied by changes in sleep duration, continuity,
and/or timing. Adaptive sleep behaviors and sleep-wake rhythms are foundational for
maintaining optimal functioning [21], and disruptions in these systems are associated with

adverse health outcomes (see [22;23] for reviews).

Second, the sleep-wake system is strongly and bidirectionally associated with the circadian
system, and changes in one affect the other. For example, Borbély’s [24] two-process model of
sleep-wake regulation posits that periods of sleep and wakefulness are determined by the
relationship between an endogenous circadian rhythm and a homeostatic sleep drive. Given the
growing body of evidence supporting the carcinogenic effects of circadian desynchronization
(e.q., [14;25]), the influence of the sleep-wake system on circadian functioning should not be
overlooked in mechanistic models. Endogenous and exogenous cues that entrain the circadian
system are necessary but insufficient for the generation of sleep periods; behavioral,
psychological, and social factors also influence the availability and timing of sleep periods and

thereby influence circadian rhythms.
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Finally, sleep is a critical biobehavioral mechanism for maintaining optimal immune [26;27],
cellular [28;29], metabolic [30], and endocrine [31] functioning, although many of these studies
fail to account for the potentially mediating effects of concurrent changes in circadian rhythms.
In turn, dysfunction in each of these neurophysiological systems is implicated in the oncogenic
pathway [32]. It is therefore plausible that disruption of the sleep system may represent a direct

and largely unexplored risk factor for mammary oncogenesis.

The current paper is an evidence-based review of the associations between circadian
disruption, sleep disruption, and breast cancer etiology within the framework of our proposed
model (Figure 1). First, we briefly review the state-of-science on circadian disruption and breast
cancer risk (for a longer review, see [14]). Next, we present evidence that supports the
bidirectional associations between the circadian and sleep-wake systems. Next, we review the
literature on associations between sleep disruption and incident breast cancer. Finally, we
explore potential mechanistic pathways linking mammary oncogenesis to circadian disruption
and sleep disruption, focusing on the roles of cellular damage via oxidative stress, melatonin,

inflammation, and metabolic function.

Literature Search Criteria

To be included in this review, studies had to investigate: 1) sleep disruption (“sleep”, “sleep

LT

duration”,

[ T]

sleep disruption”) and/or 2) circadian disruption (“circadian rhythms”, “circadian
disruption”, “circadian dysregulation”, “light at night”, “shift work™) and 3) incident breast cancer
(“breast cancer risk”, “breast cancer prevalence”) and/or mechanisms implicated in mammary
oncogenesis, including cellular damage, the melatonin-estrogen pathway, inflammation, and

neuroendocrine and metabolic function. A literature search was conducted in PubMed and

Google Scholar that included all combinations of these keywords. References of selected
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original and review publications were reviewed for further inclusion. Abstracts and editorials

were excluded.

The Circadian Disruption and Breast Cancer Pathogenesis Model

Nearly three decades ago, research demonstrated that women reporting a history of night shift
work had greater risk of developing breast cancer [33]. These findings led to the consideration
of light at night (LAN) as both a hallmark of industrialized countries and a plausible pathway to
mammary cancer via the pineal gland and melatonin, a LAN pathway model of breast cancer

pathogenesis pioneered by Richard Stevens [16;34].

Overview of the Circadian System

The circadian system is a hierarchical organization of endogenous, oscillating clocks throughout
the body that are regulated by the suprachiasmatic nuclei (SCN), located in the hypothalamus
[35]. The SCN receive input from what are known as zeitgebers, external cues that entrain the
internal circadian clock in the SCN to the external 24-hour light/dark cycle. For the central clock,
the most potent zeitgeber is light input via light sensitive cells located in the retina [36].
Importantly, the SCN has diverse projections that allow it to coordinate autonomic,
neuroendocrine, and reproductive processes displaying biological rhythms throughout the body,
which are implicated in mammary oncogenesis [37]. The SCN also projects to the gonadotropin-
releasing hormone (GnRH) system in the hypothalamus, allowing for circadian control of the
hypothalamic-pituitary-gonadal (HPG) axis [38]. Due to the diversity of SCN outputs, disruption
of the SCN results in disruption of numerous coordinated systems, which is the foundational

argument underlying the circadian disruption hypothesis in breast cancer.

The output of the SCN results in coordinated, endogenous biological rhythms that are entrained
to the 24-hour solar light-dark cycle. Early interest in understanding how organisms are

6
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entrained to the 24-hour solar light-dark cycle revealed the existence of molecular oscillators
within single neurons. These “circadian clocks” are encoded by an autoregulatory
transcriptional-translational feedback loop that relies on a cycle of positive and negative
feedback co-regulated by CLOCK:BMALL heterodimers within the cell [39]. In the positive
feedback loop, these heterodimers activate rhythmic transcription of core clock genes, including
Period (Perl and Per2 in humans) and Cryptochrome (Cryl and Cry2) genes [40]. When these
PER:CRY heterodimers translocate back into the nucleus, they act on the CLOCK:BMALL1
complex to repress their own transcription. Circadian oscillation is further regulated by
CLOCK:BMAL1 heterodimer transcription activation of retinoic acid-related orphan nuclear
receptors (ROR), Rev-erba and Rora. REV-ERBs and RORs competitively bind to ROR
response elements in the Bmall promoter region to repress or activate transcription of Bmall,
respectively, thus feeding back on the CLOCK:BMAL1 heterodimer. These autoregulatory
feedback loops constitute the circadian molecular clock and take approximately 24 hours to
complete one cycle [41]. Importantly, the transcriptional factors and targets that comprise the
molecular oscillator are found not only in the central nervous system but in peripheral tissues,
including the breast [42]. Additionally, core clock genes regulate clock-controlled genes (CCGs),
many of which are also integral cell cycle regulators implicated in tumorigenesis [43;44],
including c-Myc [45], Weel [46], and cyclin D1 [47], although the effects of these cell cycle

regulators are outside the scope of this review.

In mammals, the timing and regularity of light exposure are critical for optimal circadian
rhythmicity. Prior to the invention of artificial light, environmental light exposure was confined to
the day, resulting in alignment of the solar light/dark cycle and endogenous circadian rhythms.
Exposure to light at night (LAN) results in misalignment between the central clock and the solar
light-dark cycle, with downstream effects on neuroendocrine and behavioral processes, such as

melatonin suppression [48] and sleep disruption [49]. Variability in exposure to LAN results in
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perturbations of circadian synchrony and can alter the phase of physiological processes under

circadian control, including sleep [50].

The “Light-Gated” Pathway of Circadian Disruption and Breast Cancer

Circadian disruption is hypothesized to increase risk for breast cancer via disruption of central
and peripheral clocks, resulting in widespread dysregulation of clock-controlled biological
processes and melatonin suppression, processes that have been thoroughly reviewed
elsewhere [14]. Clock genes and circadian regulation are involved in virtually all cellular
processes underlying cancer initiation, including cell cycle regulation, DNA damage and repair,
cellular apoptosis and survival, and cell proliferation [51]. In order to understand why exposure
to LAN can have such potent downstream—and ultimately carcinogenic—effects, it is critical to
first understand circadian gating of light. In humans, synchrony between light exposure and the
solar light-dark cycle is necessary for optimal expression of numerous physiological and
behavioral processes. However, the roughly 24.18-hour endogenous human circadian period is
slightly longer than the 24-hour solar period [50] and therefore requires “resetting” each day to
in order to re-align with the solar photoperiod [52]. To achieve this, the circadian system must
be highly sensitized to and able to integrate photic and temporal information in order to
anticipate and adapt to environmental changes. For diurnal animals such as humans, light
exposure is expected during the middle of the subjective or solar day and therefore has little
effect on altering circadian rhythms. Light exposure during the solar night and near dawn or
dusk, however, is a potent entrainment cue for the circadian system and is effective in phase
shifting the central clock, as well as initiating a cascade of neuroendocrine processes under
circadian control. This “light-gated” model of circadian disruption begins with photic initiation of
the core clock transcriptional-translational feedback loop out of phase with the solar light-dark
cycle, for example due to LAN exposure from shift work or during nocturnal awakenings from
sleep. Light at night suppresses melatonin (N-acetyl-5-methoxytrypamine), a potent pleiotropic

8
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hormone released from the pineal gland that displays a diurnal pattern with maximal expression
at night [53;54]. Melatonin is both an output of the central circadian system and a key regulator
of central and peripheral oscillators, including oscillators found in breast tissue [55], and has

been identified as a critical modulator in breast cancer development.

The Circadian System and Melatonin

Melatonin entrains peripheral clocks to the SCN in organs that express the receptors melatonin
1 (MT1) and melatonin 2 (MT2; [56]. Suppression of melatonin is influenced by light duration,
irradiance, and wavelength [57]. Melatonin suppression is dose-responsive, with maximal
suppression at 3,000 lux, and wavelength-dependent, maximally affected by blue wavelength
(440-460A; [48]. Recent evidence has demonstrated that exposure to irradiance of as little as 1
lux of 440-460 wavelength light can lower melatonin expression by ~8% [58]. The low levels of
light to which we are exposed in the evening, from TV, phone, and computer screens and

incandescent light bulbs, are sufficient to cause phase delays in the circadian system [59;60].

Melatonin plays a regulatory role in the HPG axis, suppressing ovarian estrogen synthesis [61].
Melatonin is also a potent repressor of estrogen-induced estrogen-receptor-a (ERa)
transcriptional activity [62], an action that is attenuated by LAN exposure. Elevated levels of
ovarian hormones contribute to the development of breast cancers (e.g., [63;64], and high levels
of endogenous estrogen are associated with increased risk of incident breast cancer in both
pre- and post-menopausal women [65], respectively). These findings highlight the importance
of an estrogen-suppressing mechanism such as melatonin in a model of breast cancer

pathogenesis.

Classification of Light at Night and/or Shift Work as Carcinogenic to Humans
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In 2007, the International Agency for Research on Cancer (IARC) Working Group concluded
that “shift-work that involves circadian disruption is probably carcinogenic to humans” (group
2A) on the basis of “sufficient evidence in experimental animals for the carcinogenicity of light
during the daily dark period (biological night)” and “limited evidence in humans for the
carcinogenicity of shift-work that involves night work”. In 2012, the American Medical
Association House of Delegates adopted a similar policy regarding light at night. In their
Executive Summary [66], the AMA report states that nighttime lighting includes “potential
carcinogenic effects related to melatonin suppression, especially breast cancer”. The AMA
report cites evidence from laboratory models of cancer of the role of melatonin as an anticancer
and tumor suppressor agent, as well as limited epidemiological studies on LAN and/or
disruption of circadian rhythm on breast cancer risk. While the IARC Working Group statement
emphasizes the risks to night shift workers, the AMA statement broadens the risk to all persons

exposed to nighttime lighting.

Importantly, the IARC published a follow-up paper [67] advocating a movement toward greater
specificity in the definition of night shift work as a cancer risk factor. The working group
identified several domains that may contribute to variability in cancer risk: “shift system”,
comprised of timing of shift work, length of shift work per 24-hour period, permanent or rotating,
and regularity of shift work; cumulative shift work exposure in years over the individual’s lifetime;
and intensity of shift work, calculated as time off between shift work days. Significant variability
in the operational definition and characterization of NSW across studies may account for some

of the discrepancies in risk observed across prospective studies, as described below.

Associations among Circadian Disruption, Light at Night, Melatonin, and Breast Cancer

Melatonin: In Vivo and In Vitro Studies. Melatonin has the distinction of being the first identified
nocturnal anticancer signal in humans that links the central circadian clock with breast

10



Sleep and Circadian Disruption and Breast Cancer

carcinogenesis [68]. Melatonin release is dependent on both the pineal gland and the SCN, with
nocturnal release of this hormone gated by the SCN [69;70], suggesting that disruptions in the

SCN, either via sleep and/or circadian disruption, may also alter melatonin release.

Reproductive Hormones: In Vivo and In Vitro Studies. The central circadian system exerts
multiple modulatory effects on the synthesis and release of reproductive hormones via the
hypothalamic-pituitary-gonadal axis and expression of hormone receptors. There is evidence
that ERa expression is directly modulated by the core clock gene Per2, and the transcriptional
capability of ERa in healthy and cancerous breast cells displays periodicity [38]. Deregulation of
Perl, Per2, and Per3 genes in breast cancer cells has also been detected [71]. Clock genes
regulate the HPG axis and affect reproductive viability. Clock mutant mice are subfertile and
have lengthened estrous cycles [72;73], and Bmall knockout mice are infertile [74;75].
Furthermore, the LH surge shows a circadian release pattern in the presence of estradiol [76],
while SCN lesions abolish this [77]. These data support the role of the central clock in
coordinating reproductive rhythms. Mechanisms that disrupt the circadian system are therefore

capable of dysregulating the HPG axis.

Case-Control and Cohort Studies. Converging evidence suggests that sources of circadian
disruption, such as LAN and shift work, similarly disrupt melatonin in humans and have
oncogenic effects. Blask’s group [78] extended their animal research findings by testing the
blood of human volunteers exposed to bright (~2,800 lux) LAN, finding that LAN abolished the
tumor suppressive effects of melatonin and that these effects were restored by the addition of
melatonin to the blood. In a prospective case-control study from the Nurses’ Health Study cohort
of 18,643 cancer-free women, those with the highest morning melatonin, as measured by levels
of the primary metabolite 6-sulfatoxymelatonin (aMT6s) in first morning urine, had the lowest
risk of incident breast cancer [79]. A related prospective case-control study from the Nurses’

11
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Health Study Il cohort of 147 women with invasive breast cancer and 291 matched controls
found that women with the highest levels of aMT6s also had the lowest risk of invasive breast
cancer [80]. A retrospective case-control study found that breast cancer risk was increased in
women who reported frequently not sleeping during the time of night when melatonin levels
peak (~1:00 a.m.) in the 10 years prior to diagnosis [81]. A meta-analysis of five prospective
case-control studies indicated an overall inverse association between incident breast cancer risk

and higher levels of urinary aMT6s [82].

Researchers have also investigated associations between other sources of LAN and incident
breast cancer. One case-control study found that keeping the lights on while sleeping, not
drawing the shades while sleeping at night, and sleeping in the daytime were all associated with
slight but non-significant increases in breast cancer risk [83]. More compelling evidence for the
risks of LAN comes from a case-control study of 1,679 women [84], where greater bedroom-
light intensity while sleeping was associated with increased breast cancer risk (OR=1.22, 95%
CI=1.12-1.31). Recently, it has been demonstrated that ipRGCs are able to receive and transmit
photic input even through closed eyelids, and brief flashes of light administered to sleeping
individuals induced both shifts in circadian phase and melatonin suppression [85]. It is therefore
plausible that exposure to ambient bedroom LAN could induce sufficient circadian disruption to

be potentially oncogenic.

There is strong evidence to suggest that women working night shifts are at increased risk for
incident breast cancer. In a comparison of Danish night and day shift workers, women working
night shifts had significantly decreased urinary aMT6s concentrations than day shift workers
[86]. A case-control study in France found that there was an increased rate of breast cancer in
women who had ever worked night shifts [87]. Women employed in night work for more than 4
years prior to their first pregnancies had the highest rates of incident breast cancer (OR=1.95,

12
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95% CI=1.13-3.35). These finding corroborate a Danish nurse case-control study [88], where
night shifts workers had increased risk for breast cancer (OR=1.8; Cl 1.2-2.8). Permanent night
shift work was associated with the greatest risk. A population-based case-control study in
Australia found a 22% increase in breast cancer risk with frequently rotating night shift
schedules, and a trend for increased risk for women ever working 12:00-5:00 a.m. [89].
However, in a large, prospective Dutch cohort study of incident breast cancer, neither
occasional nor regular night work was associated with hospital admission for breast cancer
during the 7-year follow-up [90]. While these findings certainly run contrary to the previous

studies, the study is limited by using hospital admission as its primary outcome measure.

Meta-Analyses. Overall, the majority of results from nine published meta-analyses of the
associations between circadian disruption and incident breast cancer support the circadian
disruption model of breast cancer pathogenesis (see Table 2). Eight of the meta-analyses
reported an overall increased incidence of breast cancer (ranging from 5-48%) in women
exposed to some form of circadian disruption, including lifetime exposure to night shift work and
LAN [25;91-97]. Furthermore, six of the meta-analyses conducted sub-analyses on years and
nights of exposure, with converging evidence from five of the six studies suggesting that
circadian disruption is associated with increased risk in a dose-dependent manner [94-98].
Kamdar and colleagues [93] did not find that participants working 8 or more years of NSW were
at greater risk for developing breast cancer compared to non-shift workers, and Jia and
colleagues [92] found that women working 15 or more years of NSW were not at increased risk
above and beyond women who reported ever working night shift. The most recent meta-
analysis [99] which included previously unpublished data from three prospective studies along
with data from 7 published studies, found no significant associations among NSW and incident
breast cancer risk (RR=0.99, 95% CI=0.95-1.03). However, as with previous meta-analyses,
there was significant heterogeneity in the characterization of NSW as a risk factor across the

13
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included studies. Moreover, as was identified in a recently published response to the Travis et
al. meta-analysis, the baseline age of women in the paper’s 3 prospective studies ranged from
early-50s to upper-60s with follow-up periods of only 2-3 years [99;100].This makes it
challenging to support the authors’ claim that the “melatonin hypothesis” for breast cancer risk
lacks merit, but gives credence to the IARC Working Group’s {IARC, 2009} argument for

establishing greater consistency in operationally defining NSW as a risk factor.

While the overall findings from these meta-analyses suggest that circadian disruption is a
significant predictor of breast cancer, results should be interpreted with some degree of caution.
As mentioned above, many of the meta-analyses combined samples potentially too
heterogeneous to be included in one statistical model, including samples of mixed menopausal
status or occupation, such as flight attendants, who are exposed to different circadian
disruptions than other NSWs, including frequent time zone changes and increased radiation
exposure, which may predispose them to increased rates of breast cancer [101]. Furthermore,
latitude and season were not accounted for in these analyses, introducing error due to
shortened or lengthened light-dark cycles. However, these results are promising, and suggest
that circadian disruption from LAN exposure and night shift work is likely carcinogenic and in a

time-dependent manner.

Sleep Disruption and Breast Cancer Oncogenesis: Expanding the Model

Bidirectional Associations among Sleep and Circadian Systems

The sleep and circadian systems are yoked, with sleep demonstrating circadian rhythmicity in all
vertebrate and invertebrate species in which it has been investigated [102;103], including
mature humans, who typically spontaneously enter into sleep and wake periods once per day in
concordance with the solar light-dark cycle. Sleep behavior is an integrated function of both an
innate homeostatic sleep drive and endogenous circadian rhythms, and changes in one system

14
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effect changes in the other. Many of these effects are mediated by light, which affects sleep by
synchronizing the clock via specialized light-sensitive cells in the retina that project to the SCN
[104;105]. In turn, the SCN has multisynaptic projections to brain areas involved in sleep-wake
regulation, including the ventrolateral preoptic (VLPO) and lateral hypothalamus (LH; [35]).
These two systems are therefore inextricably linked, as demonstrated by experimental findings
in animals with variants in core circadian clock genes, which show altered sleep phenotypes.
For example, Clock mutant mice have shorter sleep periods than wild type (WT) mice [106].
Animals with double knockouts of cryptochrome 1 and 2 (Cry1//Cry27) exhibit changes in sleep
micro- and macro-architecture, including increased non-REM (NREM) sleep [107]. Bmall
mutant mice show increased sleep fragmentation and duration [108]. These findings may be
mediated by changes in the rhythmicity of postulated wake and sleep agents, orexin and
adenosine, which appear to be under a degree of circadian regulation. Orexin activity is
increased during wake periods [109;110], while adenosine is maximally expressed at night in
dark conditions [111]. While they are interrelated, it is important to note that sleep and circadian
rhythms are distinct processes. Experimental evidence demonstrates that the sleep-wake
rhythm is preserved in the absence of the circadian clock through Opn4-mediated photic input

that activates neurons in the VLPO [112].

Converging empirical evidence suggests that changes in sleep elicit changes in circadian
rhythms. For instance, a partial sleep deprivation condition in Syrian hamsters under constant
dark conditions induced large circadian phase advances of up to 4 hours, suggesting that the
neurophysiological effects of sleep deprivation are sufficient to reset the circadian clock [113]. In
a follow-up study, adenosine agonist administration induced dose-dependent phase shifts
similar to the sleep deprivation condition [114]. Importantly, these findings were independent of
light-dark effects; both the sleep deprivation and AD agonist administration conditions were
sufficient to inhibit light-induced phase shifts, above and beyond resetting of the circadian clock.

15
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On a molecular level, experimental sleep deprivation affects transcriptional activity of core clock
genes bmall, clock, and cry2 [115]. Interpreting these results in the context of a human model,
it is plausible that sleep deprivation may disrupt the circadian clock independently of LAN

exposure, triggering the pro-oncogenic downstream effects of circadian disruption.

Systematic Review of Associations between Sleep Disruption and Incident Breast Cancer.

To date, twelve studies have been published on the relationships between one or more index of
sleep and incident breast cancer, with mixed results (see Table 3). Of these, 5 were case-
control studies and 7 were cohort studies; the studies were evenly split between prospective
and retrospective designs.

Case-Control Studies. The findings from the case-control studies are mixed. In the earliest
study, McElroy and colleagues [116] found that women reporting 29h of sleep per night had a
6% increase in risk for every additional hour of sleep, compared to women sleeping 7.0-7.9h.
This study relied on the retrospective self-report of invasive breast cancer patients and
community controls. Additionally, while the authors reported that shorter sleep duration was not
associated with increased risk, their cutoff of <7h differs from the conventional threshold of <5h
or <6h often used in research on the health outcomes of short sleep (e.g.,[117]). Fritschi and
colleagues [118] created a composite variable of self-reported “sleep disturbance” that included
either short (<6h) or long (29h) sleep duration, poor sleep quality, and frequent difficulty falling
or staying asleep. They found that greater sleep disturbance was not associated with increased
incidence of breast cancer, although the odds ratio approached significance (OR=1.21, 95% CI
0.95-1.55, “ever” having sleep disruption vs. never). It is worth noting that the authors did not
investigate breast cancer risk for each sleep variable separately, and they also failed to find any
associations between either night shift work or LAN and breast cancer in their sample. This
same group published a follow-up paper that did investigate sleep duration individually in this
same case-control sample [119]; they found no associations between self-reported short (<6h)

16



Sleep and Circadian Disruption and Breast Cancer

or long (>8h) sleepers and breast cancer. Like the McElroy et al. [116] study, this study sample
was a retrospective case-control examination of the self-reported sleep of women recently
diagnosed with incident invasive breast cancer [119]. It is possible that the retrospective nature
of the report, after first cancer diagnosis, introduces some element of reporting bias. Yet another
case-control study, a nested design within the larger prospective Singapore Chinese Health
Study cohort, did not find that self-reported sleep duration was associated with breast cancer
risk [120]. In this study, they compared long sleepers against short sleepers; it is unclear
whether conventionally short (<6h) or long (=9h) sleepers were at risk compared to average (7-
8h) sleepers. Most recently, Wang and colleagues [121] found that women who reported both
short (s6h) and long (=9h) habitual sleep over the past 10 years had 53% and 59% increased
risk, respectively. Interestingly, this group also looked at history of night shift work and daytime
napping and found that napping appeared to confer some degree of protection against breast
cancer, but only in NSW. This finding of a dynamic association among shift work as a risk factor
and sleep as a protective mechanism supports the importance of assessing both sleep and

circadian variables in research studies.

The findings of the 6 published prospective cohort studies are also mixed. One study of 23,995
Japanese women found that shorter sleep duration was associated with higher risk of incident
breast cancer [122]; compared to women sleeping 7h, women who reported sleeping <6h had
higher rates of incident breast cancer (HR=1.62, 95% CI=1.05-2.50), with associations most
pronounced in women under 60 years, who had a 200% increase in risk (HR=2.01, CI=1.12-
3.59). Two prospective, population-based cohort studies found that longer sleep duration may
have a protective effect against incident breast cancer [123;124]. In a population study of
Finnish women born before 1958, sleep was assessed by self-reported questionnaires
administered in 1975 and 1981. Compared to women who reported habitually sleeping 7-8h,
women who reported sleeping =9h at both times had a 72% decreased risk of incident breast
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cancer (HR=0.28, 95% CI=0.09-0.88)[120]. A study of incident breast cancer in postmenopausal
women from the Singapore Chinese Health Study [124] found that women reporting 29h of
sleep showed a trend for reduced risk of incident breast cancer an average of 11 years later
(RR=0.67, 95% CI=0.4-1.1, p=0.047) compared to <6h sleepers. Urinary aMT6s levels were
positively associated with hours of self-reported sleep (p=0.035) and were 42% higher in
women sleeping =29h compared to those reporting <6h. These findings suggest that sleep
duration may gate melatonin secretion; the oncostatic effect of melatonin may be one

mechanism by which prolonged sleep duration protects against breast cancer.

Finally, three prospective studies found no associations between sleep duration and breast
cancer [119;125;126]. The first, using prospective data from the Nurses’ Health Study, found
that habitual self-reported short or long sleep duration was not associated with self-reported
incident breast cancer over the 16 year follow-up [125], although there was a linear trend for
longer sleep duration and increasing risk (p=.07). More recently, Vogtmann and colleagues
[126] also reported no associations between self-reported sleep duration, sleep quality,
insomnia, or sleep disturbance and incident breast cancer in a sample of 110,011
postmenopausal women in the Women’s Health Initiative cohort. Similar null findings were
published from the Breast Cancer Detection Demonstration Project, which failed to find that self-
reported short or long sleep was a risk factor in their sample [127]. Finally, one study examined
self-reported daytime napping frequency in the Million Women Study [128], finding 6%
increased breast cancer risk in women who napped “sometimes” and 11% increased risk in
women who “usually” napped, compared to non-nappers. These data suggest that, if there is a
beneficial effect to sleep, it may be optimal only when the sleep period is optimally aligned with

circadian rhythms and the exogenous light-dark cycle, although further research is needed.
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Critical factors may underlie the discrepant findings of the studies on sleep and breast cancer.
First, it appears that none of these studies were specifically designed to test associations
between measures of sleep and incident breast cancer, and this is reflected by the general
paucity of sleep measures. Second, all studies relied on a self-reported measure of sleep, often
assessed with a single question. Third, only half of these studies were able to collect data
prospectively, introducing retrospective reporting bias. Fourth, there was significant
heterogeneity between the samples in these studies, particularly in percentages of pre- and
post-menopausal status, an independent predictor of breast cancer risk, and in types of breast
cancers, which also displays great heterogeneity. Finally, very few of the studies included
concurrent measures on night shift work or LAN exposure, making it difficult to determine the

relative contributions of the circadian and sleep systems.

Meta-Analyses of Sleep Duration and Breast Cancer Risk

The first meta-analysis of the associations between sleep and cancer included studies
examining all types of cancers [129]. Ten prospective studies were included, with a combined
sample of 555,678 participants and 8,392 incident cancer cases. The authors found that neither
short (RR=1.05, 95% CI=0.90-1.24) nor long (RR=0.92, 95% CI=0.76-1.12) sleep duration was
associated with increased all-cancer or breast cancer risk. However, these analyses included
only 3 studies of breast cancer, which have been previously discussed in this review

[122;123;130].

Two more recent meta-analyses focusing exclusively on breast cancer found no evidence that
sleep duration was associated with increased incidence [96;131]. Both reviewed the same six
studies, all that had been published on sleep duration and breast cancer through 2013. Yang
and colleagues [96] analyzed the summed relative risks across all 6 studies for 1h increase in
sleep per night (RR=1.00, CI=0.995-1.01) and longest versus shortest sleepers (RR=0.96,
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Cl=0.77-1.19). Qin and colleagues grouped their analyses by short and long sleep versus
reference, neither of which were significant predictors (RR=1.01, CI=0.90-1.14 and RR=0.95,
Cl=0.86-1.04, respectively). However, the discrepancy between study definitions of short and
long sleep is worth noting. While Wu [120], Girschik [132], and Kakizaki [133] used a threshold
of <6h, Pinheiro [125] and McElroy [116] used <5h and Verkasalo [123] <4. For long sleep, most
studies used a threshold of =29h except for Girschik ([132]; 28h) and Verkasalo ([123]; 210h).
Both meta-analyses included retrospective studies, and all studies used self-reported sleep
measures, limiting our interpretability of their null findings. Well-designed, prospective studies
using objective measures of sleep are needed to better address the question of whether any

indices of sleep are associated with incident breast cancer.

Potentially Interrelated Mechanistic Pathways Between Circadian and Sleep Disruption
and Mammary Oncogenesis

Circadian and sleep disruption may act on immunologic, molecular, cellular, neuroendocrine,
and metabolic levels in ways that contribute to breast cancer development. Table 1 provides an
overview of the potential mechanistic pathways, noting the strength of the experimental and/or

epidemiological evidence for each pathway.

Mammary carcinogenesis begins with the mutation of a healthy cell through a process that
includes alterations in cellular and immune processes, including oxidative nuclear DNA damage
[134], changes in cellular apoptosis [135], and changes in innate immune function [136].
Mutated cells are able to survive in the face of compromised innate tumor suppressor
mechanisms, such as inactivation of the p53 gene [137], which can result in decreased
apoptosis of aberrant cells [138]. The growth of human breast cells is regulated by steroid
hormones, and the role of estrogen as an oncogenic agent is well-established [139;140]. Sleep
disruption and circadian disruption negatively impact the timing and availability of melatonin, an
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oncostatic agent and potent estrogen suppressor. Changes in the immune system also
predispose the system to oncogenesis. Persistent inflammation can induce genetic instability
that may lead to cell mutations. Downregulation of anti-tumor immune responses and
upregulation of pro-angiogenic immune factors contribute to survival of mutated cells and
tumorigenesis. Disruptions in sleep and circadian systems also affect metabolic processes and
predispose the organism to increased adiposity, which is associated with increased breast

cancer risk.

Inflammation and the Immune System.

Repeated disruptions of the sleep and circadian systems can affect both innate and acquired
immune function. Several studies have demonstrated that a single night of sleep deprivation is
associated with decreased numbers of circulating NK cells [141] and NK cytotoxicity [142]. NK
cells are enhanced by cytokines such as interferon-gamma (IFN-y) and interleukin-2 (IL-2;
[136], which are also affected by sleep duration [141]. Sleep disruption may lead to a shift in
cytokine production balance from Th-1 cytokines to Th-2 cytokines, including IL-10 [143], which
can allow tumor cells to escape from immune surveillance [144] and which is associated with
increased breast cancer risk [145]. Healthy sleep is associated with production of pre-myeloid
dendritic cells, which produce IL-12 [146], a cytokine associated with the delay of tumor onset

and decreased tumor multiplicity [147].

Chronic inflammation is also implicated in the oncogenic pathway, and both sleep disruption and
circadian disruption have been demonstrated to have pro-inflammatory effects [148;149]. In
addition, melatonin has been shown to enhance IL-2 and IL-6 production via nuclear receptor-
mediated mechanisms (RORas; [150]). It was recently discovered that certain lymphocytes are
capable of producing melatonin in a time-dependent manner [151] and, in turn, melatonin has
been shown to moderate the role of many immune functions, including IL-2 production
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[151;152]. Repeated disruptions in melatonin synthesis resulting from nightly circadian and

sleep disruption may have potent negative effects on healthy immune functioning.

Sleep fragmentation is also associated with repeated transient increases in sympathetic
nervous system (SNS) activation, and experimental research indicates that beta-adrenergic
signaling regulates a number of cellular processes underlying oncogenesis, including
compromised DNA repair and cellular immune responses [153]. Sleep disruption is associated
with increased glucocorticoid production [154], and numerous studies have shown that short
sleep duration [154] and sleep deprivation [155] are associated with altered cortisol profiles and
elevated evening cortisol levels [156]. Glucocorticoid feedback from the adrenal cortex has
suppressive effects on the amplitude of circadian rhythms within the hypothalamus and pituitary
[157;158]. These studies demonstrate yet another pathway by which sleep disruption may have
both direct effects on physiological processes and indirect effects via circadian disruption

leading to increased risk for breast cancer.

Oxidative Stress, Reactive Oxygen Species (ROS), and DNA Damage.

Oxidative stress is known to cause DNA damage and is associated with increased breast
cancer risk [159]; conversely, antioxidants reduce the amount of DNA damage. Oxidative
stress-induced DNA damage may be a primary pathway by which sleep disruption may have
greater direct mechanistic effects on mammary oncogenesis than circadian disruption. Sleep is
theorized to have antioxidant effects, providing an opportunity for the body to remove oxidants
produced during wakefulness [160;161]. Several experimental studies have demonstrated that
disrupting sleep increases reactive oxygen species (ROS) [162-164]. ROS can lead to DNA
damage by binding to neighboring molecules with unpaired electrons, causing strand breaks
[165]. ROS formation also may be a link between sleep deprivation and circadian dysregulation.
Sleep deprivation-induced ROS formation and DNA damage has been shown to phase advance
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the mammalian circadian clock both in vivo and in vitro [166]. While the mechanism is poorly
understood, this research supports one pathway by which sleep disruption may contribute to
oncogenesis directly, through cellular damage, and indirectly, by disrupting the circadian

system.

Oxidative stress is also as a mediator of cellular apoptosis [167]; sleep deprivation-induced
oxidative stress may allow mutated cells to escape apoptosis. Circadian mechanisms are also
implicated in this pathway. In vitro studies have shown that inhibition of Perl in human cancer
cells blunted DNA damage-induced apoptosis [168]. Cell samples from human cancer patients
show reduced Perl levels. Dysregulation in the clock gene Per2, which acts as a tumor

suppressor, has been associated with increased DNA damage [169].

The circadian orphan nuclear receptor RORa also appears to play a role in the cellular stress
response and human tumorigenesis. Increase in RORa expression inhibits cellular growth and
progression, and experimental evidence testing the effects of various stressors on RORa
expression (UV light, MMS, H20,) suggests that this is an adaptive response to stress [170].
Hypoxia, such as that caused by sleep disordered breathing, also increases the amount of
RORa transcripts [171]. However, transcriptional levels of RORa have been found to be
downregulated in breast cancer samples [170], indicating dysfunction in the circadian molecular

oscillator.

Melatonin and Estrogen.

It has been proposed that the circadian system developed as a means of counteracting
oxidative damage caused by radiation [172;173]. Melatonin is a potent free radical scavenger

that impacts quinine reductases to reduce oxidative damage by ROS in tissues [174].
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Administration of physiological levels of melatonin has been shown to induce the expression of

antioxidants glutathione and glutathione-S-transferase [175].

Early in vivo experimental work on the role of melatonin demonstrated that animals whose
melatonin production was disrupted by pineal or SCN ablation were prone to increased rates of
spontaneous mammary carcinogenesis [70;176]. The most commonly used in vivo model of
human breast cancer is a murine mammary tumor induced by 7,12-dimethylbenz[a]anthracene
(DMBA), whose pathogenesis is similar to that in humans [177]. Experimental studies on the
effects of constant light on DMBA-induced murine mammary tumor development demonstrate
that melatonin suppression is associated with increased tumorigenesis [178] and hyperplastic
processes in the mammary gland [179;180]. Conversely, rodents administered melatonin during
DMBA-induced mammary tumorigenesis show decreased tumor incidence and number
compared to controls [176;181], and melatonin administration to rodents with constant light-
induced spontaneous mammary hyperplasia resulted in normalization of tissue [182]. In
pinealectomized rats, melatonin administration inhibits mammary carcinogenesis, even in a

constant illumination (LL) regimen [183].

More recently, Blask and colleagues provided compelling evidence that melatonin is the active
factor in LAN-induced mammary tumorigenesis [78]. Human breast cancer xenografts in
immunodeficient rats perfused with melatonin-rich blood collected at night from female subjects
resulted in significantly suppressed tumor proliferative activity and linoleic acid (LA) uptake.
Administration of a melatonin receptor blocker negated these effects [78]. The suppressive
effects on LA uptake may be another oncostatic property of melatonin, as LA demonstrates
oncogenic effects via upregulation of gene expression involved in ERa expression, G-protein
signaling, and cell cycle progression [184]. However, the associations between LA and incident
breast cancer remain unclear [185].
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Mammotropic hormones, including estrogens, progesterone, and prolactin, impact breast cancer
etiology [186]. Melatonin has an inhibitory effect on estrogen receptors and can counteract the
tumor-promoting effects of estrogens [187]. Melatonin can down-regulate estrogen receptor-a
(ER0) protein and mRNA expression in a time- and dose-dependent manner [188] and can
modulate estrogen-related proteins and growth factors, including c-myc [189]. Melatonin
administered at physiological nocturnal doses increases the expression of p53 in MCF-7 cells, a
human breast cancer cell line expressing 173-estradiol receptors [190], inducing apoptosis
[191]. Melatonin can temporarily increase the duration of the cell cycle by more than three hours
and arrest progression [192]. These actions oppose the mechanisms of estradiol, which

stimulates cell proliferation and cell progression [193].

Sleep also impacts hormone levels. Sleep deprivation in female rats is associated with higher
levels of progesterone [194] and increased levels of prolactin [195]. Partial sleep deprivation in
healthy young women results in increases in LH and estradiol [196], and elevated prolactin
levels have been observed in humans following sleep deprivation nights [197]. In humans,
objectively-assessed sleep duration has been shown to be inversely associated with levels of
17B-estradiol [198]. These data suggest that repeated nightly short sleep or sleep disruption
may be associated with chronically elevated estrogen levels contributing over time to breast

cancer risk.

In the Wu et al. [124] study previously described, women who reported sleeping 29h had 42%
higher levels of aMT6s and decreased risk of incident breast cancer compared to women
sleeping 7h. While another study found no association between hours of sleep and levels of
urinary aMT6s, they did find that women awake at night had higher serum concentrations of
estradiol [199].
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Metabolic Function.

It is plausible that sleep disruption and circadian disruption may contribute to mammary
oncogenesis through other physiological mechanisms. One potential pathway may be altered
metabolic function. The obesogenic properties of both circadian and sleep disruption have
received support from experimental and observational studies. As previously discussed,
melatonin suppresses the uptake of linoleic acid, an oncogenic substance associated with rapid
development of mammary tumors in mice [200]. In humans, experimental circadian
misalignment and short sleep duration both result in impaired glucose tolerance and decreased
leptin [201;202] and increased adiposity [203]. Meta-analysis has established short sleep

duration as an independent risk factor for childhood and adult obesity [204].

Summary

Overall, the experimental data supporting a circadian and, to a lesser extent, sleep disruption
model for mammary oncogenesis are promising (Table 1). Future studies are needed to
prospectively, objectively, and comprehensively assess indices of sleep disruption and circadian
rhythms, including melatonin, LAN exposure, shift work, and nocturnal eating, to determine the
relative contributions of these disruptions to mammary oncogenesis. Forced desynchrony
studies, whereby the circadian and sleep systems are effectively separated, are needed to
disambiguate circadian and sleep effects on biomarkers of cancer development. Observational
research that is prospective, longitudinal, and population-based is needed to determine whether
sleep disruption, not just sleep duration, is prospectively associated with incident breast cancer
cases. Experimental research is needed to test and refine the proposed model to better
understand the potential mechanistic pathways by which sleep disruption and circadian
disruption may contribute to increased risk. Finally, we must consider the real world context.
Future research should seek to understand the relative and combined contributions of
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susceptibility factors from all sources—biological, environmental, behavioral, and
psychosocial—in the development of breast cancers. Ultimately, these future research
guestions and avenues will allow us to develop a more ecologically valid and complete
understanding of risk factors for breast cancer pathogenesis from a biopsychosocial

perspective.
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Table 1.

Potential mechanistic pathways between circadian and sleep disruption and mammary

oncogenesis.

Mechanistic Pathway

Evidence for Effects of
Circadian Disruption

Evidence for Effects of
Sleep Disruption

1. DNA DAMAGE & OXIDATIVE STRESS

Increased oxidative stress -

! vV
oxidative DNA damage Limited
Decreased antioxidant effects v Theoretical

2. MELATONIN & ESTROGE
Decreased melatonin release v Limited
Increased mammotropic
hormone production and/or vV v
release
3. INFLAMMATION & IMMUNE FUNCTION
Decreased NK cell count & v
cytotoxicity
Shift to Th-2 cytokine
production & tumor cell v
survival
Decrea;ed Th-1 cytokine v v
production (e.g., IL-2)
Chronic inflammation via
activation of pro-inflammatory v Vv
pathways
Increased repeated vV
SNS activation (especially via SDB)
Changes in glucocorticoid _— v
production & feedback Limited
4., METABOLIC FUNCTION

Increased adiposity & obesity vV vV
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Metabolic disruption vV
(e.g. insulin, glucose, vV

leptin, ghrelin) (especially via SDB)

Notes: v'v' = strong research support; v' = some/mixed research support; “limited” = support
from 1-2 studies; “theoretical” = no known support, compelling theoretical association; SDB =
sleep disordered breathing.
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Table 2.

Meta-analyses of circadian disruption and incident breast cancer risk.

Citation Number of studies

Study Types

Predictor Variables

Overall Odds Ratio (OR) or
Relative Risk (RR)

Megdal et al., 2005 6 4 cohort, 2 case-control NSW 1.48 (95% Cl=1.36-1.61)
[90]
Jiaetal.,, 2013 [91] 13 5 cohort, 8 case-control NSW 1.20 (95% CI=1.08-1.33)
Wang et al.,, 2013 [93] 10 3 cohort, 5 case-control NSW 1.19 (95% CI=1.05-1.35)
ljaz et al., 2013 [94] 12 1 cohort, 11 case-control  NSW 1.05 (95% CI=1.01-1.10)
for 5-year NSW
Kamdar et al., 2013 15 5 cohort, 10 case-control ~ NSW 1.21 (95% CI=1.00-1.47)
[92]
Yang et al., 2014 [95] 5 5 case-control LAN exposure LAN: 1.17 (95% Cl=1.11-1.24)
He et al., 2015 [25] 18 NSW: 5 cohort, 7 case- NSW; LAN NSW: 1.19 (95% Cl=1.08-1.32);

(n=12 NSW; n=3 LAN;
n=3 NSW and LAN)

control; LAN: 3 case-
control; both: 3 case-
control

exposure; both

LAN: 1.12 (95% CI=1.119-1.121)

Lin et al., 2015 [96] 6

6 cohort

NSW

1.057 (95% CI=1.014-1.102)

Travis et el,, 2017 [99] 10

3 prospective, 7 cohort

NSW

0.99 (95% CI=0.95-1.03)

Note: NSW=night shift work; LAN=light at night.
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Table 3.
Studies of sleep disruption and incident breast cancer risk.
Number of Incident Breast
Citation Study Type Participants Sample Sleep Variables . Findings
Cancer Risk
& Cases

Verkasalo et Prospective, N=12,222; Finnish women Self-reported sleep duration HR=0.28 (95% Cl 0.09-

al., 2005 population- Incident born before 1958  assessed at 1975 and 1981; 0.88) steady LS vs. steady LS { risk
based cohort cases n=242 steady LS (29h at both times) ~ 7-8h sleepers

McElroy et al.,  Retrospective, ™ N=9,347; Invasive breast Self-reported sleep duration OR=1.13 (95% CI 0.93-

2006 population- BCa patients cancer patients over past 2 yrs.; LS (29h) 1.37) LS vs. 7-8h sleepers LS M risk
based case- n=4,033 and community (trend)
control controls

Pinheiro etal., Prospective, N=77,418; Nurses’ Health Self-reported habitual sleep HR=0.93 (95% Cl 0.79-

2006 cohort Incident Study duration reported at 1986 1.09) SS vs. 7h sleepers; #

cases n=4,223 and 2000; SS (<5h); LS (=9h); HR=0.95 (95% Cl 0.82-
steady LS (29h at both times)  1.11) LS vs. 7h sleepers LS 1 risk
Linear trend for sleep (trend, continuous
duration as continuous sleep predictor)
variable (p=0.07)

Kakizaki et al.,  Prospective, N=23,995; Ohsaki National Self-reported habitual sleep HR=1.62 (95% Cl 1.05-

2008 population- Incident Health Insurance  duration; SS (<6h) 2.50) SS vs. 7-h sleepers
based cohort cases n=143 Cohort Study Linear trend for sleep SS " risk

duration as continuous
variable (p=0.03)

Wu et al., Prospective, N=33,528; Singapore Self-reported habitual sleep RR=0.67 (95% Cl 0.4-1.1)

2008 population- Incident Chinese Health duration; LS (9h) LS vs. <6h sleepers LS ¢ risk
based cohort cases n=525 Study

Cairns et al., Prospective, N=795,238; The Million Self-reported daytime RR=1.06 (95% Cl 1.04-

2012 cohort Incident Women Study, napping frequency (never, 1.08) sometimes nap vs.

cases UK sometimes, usually) never; Naps 1 risk
n=20,058 RR=1.11 (95% Cl 1.07-
1.15) usually nap vs. never

Fritschi et al., Retrospective, N=2,994; Western Self-reported “sleep OR=1.21 (95% Cl 0.95- Sleep disruption

2013 case-control BCa patients ~ Australia women  disruption” composite 1.55) “ever” sleep N risk

n=1,205 measure disruption vs. never (trend)

Wu et al., Nested case- N=991; Singapore Self-reported habitual sleep OR=0.89 (95% Cl 0.64- 4

2013 control study BCa patients Chinese Health duration 1.22) LS vs. <6h sleepers
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n=248 Study
Girschik et al.,  Retrospective, N=2,994; Breast Cancer Self-reported habitual sleep OR=1.05 (95% Cl 0.82-
2013 case-control BCa patients Environment and  duration; SS (<6h); LS (>8h) 1.33) SS vs. 7-8h sleepers; 4
n=1,205 Employment OR=1.10 (95% CI 0.87-
Study 1.39) LS vs. 7-8h sleepers
Vogtmann et Prospective, N=110,011; Women’s Health Self-reported sleep duration, HR=0.95 (95% Cl 0.85-
al., 2014 cohort Incident Initiative sleep quality, sleep 1.07) SS vs. 7h sleepers; 4
cases n=5,149 disturbance; SS (<5h); LS (29h) HR=1.03 (95% Cl 0.90-
1.18) LS vs. 7h sleepers
Wang et al., Retrospective, N=1,454; Chinese breast Self-reported 10-year habitual OR=1.53 (95% CI 1.10-
2015 case-control BCa patients cancer patients sleep duration; SS (<6h); LS 2.12) SS vs. 6.1-8.9h; S5 risk
n=712 and age-matched (29h); daytime napping OR=1.59 (95% ClI 1.17- LS /! risk
controls 2.17) LS vs. 6.1-8.9h
OR=0.57 (95% Cl 0.36- .
0.90) napping NSW vs. Naps  risk in NSW
non-napping NSW
Qian et al., Prospective, N=40,013; Breast Cancer Self-reported weekday and RR=0.87 (95% CI 0.70-
2015 cohort Incident Detection weekend sleep duration; SS 1.22) SS vs. 8-9h sleepers;

cases n=1,846

Demonstration
Project

(<6h); LS (29h)

RR=1.00 (95% ci 0.84-1.19)
LS vs. 8-9h sleepers

Notes: SS=short sleepers; LS=long sleepers; NSW=night shift workers. Italics indicate trend approaching statistical significance.
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