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Abstract

Over two-thirds of the 11.4 million cancer survivors in the United States can expect long-term
survival, with many others living with cancer as a chronic disease controlled by ongoing therapy.
However, behavioral co-morbidities often arise during treatment and persist long-term to
complicate survival and reduce quality of life. In this review, the inter-relationships between
cancer, depression, and sleep disturbance are described, with a focus on the role of sleep
disturbance as a risk factor for depression. Increasing evidence also links alterations in
inflammatory biology dynamics to these long-term effects of cancer diagnosis and treatment, and
the hypothesis that sleep disturbance drives inflammation, which together contribute to depression,
is discussed. Better understanding of the associations between inflammation and behavioral co-
morbidities has the potential to refine prediction of risk and development of strategies for the
prevention and treatment of sleep disturbance and depression in cancer survivors.

Introduction

With over 11.4 million cancer survivors, nearly 5% of the US population has been
diagnosed with cancer in 2006 (Office of Cancer Survivorship, 2009). Over the next decade,
the number of cancer survivors will grow dramatically due to the aging of the population
and the resultant increased cancer incidence. Moreover, due to earlier detection and
successful treatment for the disease, over two-thirds of individuals diagnosed with cancer
today can expect long-term survival, with many others living with cancer as a chronic
disease controlled by ongoing therapy.

Despite considerable advancements in diagnosis and treatment, symptoms or problems often
arise during treatment and persist long-term to complicate improved survival and reduce
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quality of life. Indeed long-term behavioral co-morbidities such as depression and sleep
disturbance are prominent and are thought to relate to the onset of cancer-related somatic
symptoms such as fatigue and pain, and possibly cancer recurrence or second malignancies.
In this review, the inter-relationships between cancer, depression, and sleep disturbance are
described, with a focus on the role of sleep disturbance as a risk factor for depression. In
addition, increasing evidence links alterations in inflammatory biology dynamics to these
long-term and late effects of cancer treatment, and the hypothesis that sleep disturbance
drives inflammation, which together contribute to depression, is discussed. Given the
growing number of cancer survivors, effective management of the late effects of cancer and
its treatment is needed. To this end, better understanding of the associations between
inflammation and post-treatment symptoms has the potential to inform risk identification
and the development of strategies for prevention and treatment of such behavioral co-
morbidities as sleep disturbance and depression.

Depression

Prevalence

Major depression in patients with cancer occurs at a high rate, with a median point
prevalence (15% to 29%) that is approximately three to five times greater than the general
population (Miller et al., 2008; Raison et al., 2003; Rooney et al., 2011). However,
prevalence estimates vary from 1.5% to 50%, depending on the cancer type, as well as the
definition of depression and method of assessment (Fann et al., 2008; Massie, 2004). Indeed,
the majority of studies find that 20% to 30% of women with breast cancer, for example,
experience elevated depressive symptoms (Fann et al., 2008). Yet, the prevalence of major
depressive disorder may be considerably lower; major depressive disorder is a clinical
syndrome that lasts for at least 2 weeks and causes significant impairment in normal
functioning. Among women newly diagnosed with breast cancer, about 9% also experienced
major depression as determined by a structured clinical interview (Coyne et al., 1995). In
contrast, among women with recurrent breast cancer, the prevalence of depression appears
to be considerably higher (Gotay et al., 2007) with rates substantially exceeding that of the
general population (Massie, 2004). Mitchell et al recently examined the meta-analytical
pooled prevalence of depression defined by the Diagnostic and Statistical Manual of Mental
Disorders using 24 studies with 4007 individuals across seven countries in palliative-care
settings, and found rates of 16:5% (95% CI 13-1-20-3) for DSM-defined major depression,
and 9:6% (3:6-18-1) for DSM-defined minor depression, although all types of depression
occurred in 20-7% (12-9-29.8) of patients (Mitchell et al., 2011). However, despite the high
prevalence of depression in association with cancer, there are few consistent correlates of
this risk, as neither age, sex, nor clinical setting are associated with depression. Furthermore,
there are inadequate data to examine the effects of cancer type and illness duration on
depression occurrence (Mitchell et al., 2011).

Depression Disease Burden

As the population ages and the number of cancer survivors grows dramatically, depression is
will increase by 2030 to a position of the greatest contributor to illness burden (Mathers et
al., 2006). Moreover, because adults and especially older adults with depression often do not
receive diagnosis and treatment (Alexopoulos, 2005), and only about 30-35% achieve
remission using current treatment approaches (Evans et al., 2005), over two-thirds of the
depression disease burden persists (Andrews et al., 2004; Chisholm et al., 2004) leading to
staggering health care costs (Vos et al., 2004).

Depressed patients are also less likely to adhere to recommendations for treatment including
cancer therapies. Meta-analytic findings demonstrate that depression triples the risk for
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nonadherence to medications (Fann et al., 2008). In turn, the use of emergency and medical
inpatient services is disproportionately increased in persons diagnosed with cancer. For
example, among Medicare beneficiaries diagnosed with cancer, use of emergency
departments and medical inpatient services is twice as likely if they have significant
depressive symptoms than if they do not (Himelhoch et al., 2004). These findings are
consistent with other diseases in which co-morbid depression increases health care use,
functional disability, and work absence (Stein et al., 2006). Lower medical adherence which
is associated with poorer understanding of treatment recommendations, which in turn
heightens anxiety about treatment adverse effects in depressed cancer patients (Ell et al.,
2005).

Depression also increases risk for morbidity and mortality in several chronic diseases,
including AIDS (Ickovics et al., 2001) and cardiovascular disease (Barefoot et al., 2000). In
addition, some evidence suggests that depressed cancer patients have increased morbidity
and, possibly, mortality (Gallo et al., 2007; Spiegel et al., 2003), although findings among
cancer survivors are less consistent (Goodwin et al., 2004; Steel et al., 2007). Nevertheless,
when the association between depressive symptoms and mortality rates were compared
between participants with and without cancer among 10,025 participants in the National
Health and Nutrition Examination Survey (Onitilo et al., 2006), results demonstrated that
participants with both cancer and depressive symptoms had a 19% increased risk of death
compared to participants with cancer only after adjusting for confounders. Likewise,
Mykletun (Mykletun et al., 2007) found a 33% increased risk of death from cancer
associated with disorder-level depressive symptoms in a prospective study of 61,349 adults
in Norway followed for 4.4 years after depression assessment. Moreover, when the
depression is unremitting and chronic, adverse health outcomes are more prominent as
compared to the effects of an acute depressive episode (e.g., (Evans et al., 2005; Stommel et
al., 2002). Finally, Pril et al recently reported that the presence of major depression was
associated with worse survival in patients with non-small cell lung carcinoma, although
treatment of such depression did not yield survival benefit (Pirl et al., 2012).

Risk Factors: Role of Cancer in Catalyzing the Occurrence of Depression

In the midst of receiving a diagnosis of cancer and managing the subsequent psychological
and physiological challenges, rates of depressive symptoms markedly rise with increases
typically highest in the first 6 months after cancer diagnosis, followed by declines over time
with adjustment to the initial shock of diagnosis and acute effects of cancer treatment (Schag
et al., 1993). For example, cancer treatments alone are associated with increased risks of
depressive symptoms; prior to medical treatment about 10% of patients diagnosed with
various cancers show depressed mood or anhedonia, two hallmark symptoms of depression,
whereas during treatment over 20% endorse one of these symptoms (Fann et al., 2009).
Importantly, one large-scale prospective study suggests that cancer diagnosis and treatment
provokes depression leading to a four-fold increase in depression occurrence during the first
two years after diagnosis as compared those who remain medically healthy. (Polsky et al.,
2005) examined depressive symptoms prior to and after disease diagnosis in 5 biennial
waves of the Health and Retirement Study involving more than 8,000 adults aged 51 to 61
without depressive symptoms at study onset. Within 2 years following diagnosis, individuals
with cancer had the highest risk of significant depressive symptoms relative to no incident
disease (Hazard Ratio = 3.55) and other diagnosed diseases (e.g., heart disease, arthritis).
Moreover, the experience of cancer can prompt an episode of depression in addition to
triggering depressive symptoms. Kangas et al. (Kangas et al., 2005) found that 29% of head/
neck/lung cancer patients met interview-assessed criteria for major depressive disorder
within 1 month of diagnosis, of whom only 29% met criteria for prior lifetime major
depressive disorder. At 6 months, 22% met criteria for major depressive disorder, and 27%
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of those were new diagnoses. In comparison, note that the major depressive disorder point
prevalence in women in the US general population is estimated at 5-9% and lifetime
prevalence at 21% (Kessler et al., 2005); men have lower rates. Thus, the prevalence of
depression in cancer survivors might be nearly four-fold greater than that in the general
population. Studies also document elevated suicidal ideation/behavior in individuals with
cancer, including breast cancer (for review see; Miller et al., 2008).

Sleep disturbance

Prevalence

Even before treatment, patients with cancer report significant sleep impairment, and among
cancer survivors, sleep problems persist well beyond primary treatment. In an unselected
sample of women with non-metastatic breast cancer, Savard et al. (Savard et al., 2001b)
found that 19% met diagnostic criteria for insomnia, and that 58% of the women reported
that the cancer or its treatment (e.g., adjuvant tamoxifen) either caused or aggravated their
sleep problems. Indeed, cancer survivors have a 2- to 3 fold increase in the prevalence of
insomnia symptoms compared to healthy adults, with nearly 51% reporting difficulties
sleeping during the cancer survivorship period (Savard et al., 2001a). However, patients
with different types of cancer reported different rates of sleep problems. In a survey of more
than 1,000 patients with different types of cancer, 31% reported insomnia, with lung cancer
patients having highest prevalence of sleep problems in general, and breast cancer patients
having the highest prevalence of insomnia coupled with fatigue (Davidson et al., 2002).
However, in a sample of 823 patients with diverse cancers receiving chemotherapy
longitudinally, Palesh et al. found that breast cancer patients had the highest number of
overall insomnia complaints, although lung cancer patients showed the highest prevalence of
insomnia diagnosis or syndrome (Palesh et al. 2010). Importantly, the severity of insomnia
persisted over the course of chemotherapy treatment with similar rates of insomnia
complaints at cycle 1 and cycle 2. Polysomnographic data confirm reduced sleep efficiency,
prolonged latency to fall asleep, and increased awake time during the night among cancer
survivors (Savard et al., 2001b), and lung cancer show marked reductions in sleep efficiency
as compared to insomniacs or breast cancer survivors (Silberfarb et al., 1993). However in
one study, total sleep time as indexed by actigraphy increased during a course of
chemotherapy in breast cancer patients (Liu et al., 2012b).

Sleep Disturbance and Disease Burden

Sleep disturbance comes at a considerable price. For example, sleep disturbance is a
predictor of cancer-related fatigue. As pointed out by Fiorentino and Ancoli-Israel in a
recent review of insomnia and its treatment in women with breast cancer (Fiorentino et al.,
2006), sleep disturbance often co-occurs with fatigue in breast cancer patients and survivors.
Disturbed sleep can be a predictor of fatigue; in turn, less physical activity as a result of
fatigue may exacerbate sleep disturbance. However, among women undergoing
chemotherapy for breast cancer, fatigue was related to daytime sleepiness and subjective
reports of poor sleep quality, but not total sleep time as objectively assessed by actigraphy
(Liu et al., 2012b). Hence, is unclear whether these two symptoms of fatigue and sleep
disturbance merely co-occur in the same patient or have a causal association. Nevertheless,
other data as further discussed below indicate that sleep disturbance is a potent predictor of
depression relapse in persons with a history of prior depression (Cho et al., 2008), although
there are no prospective data to address this question in cancer survivors.

Epidemiological data also implicate insomnia as a predictor of all-cause disease mortality
over and above age, gender, and medical burden (Althuis et al., 1998; Ayas et al., 2003;
Dew et al., 2003; Mallon et al., 2002; Newman et al., 2000). Indeed, EEG measures of
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prolonged sleep latency, sleep efficiency, and percentage of REM sleep predict all-cause
mortality taking into the account of other known factors (e.g., age, gender, medical burden)
(odds ratio 2.1, 95% ClI: 1.25-3.66; odds ratio 1.93, 95% CI: 1.14-3.25; odds ratio, 1.7, 95%
Cl: 1.01-2.91) (Dew et al., 2003).

Risk Factors: Role of Cancer

In cancer survivors, sleep impairments are primarily characterized by problems falling
asleep (Andrykowski et al., 1998), with difficulties of sleep maintenance (Engstrom et al.,
1999) and duration also reported (Savard et al., 2001a). Given the varying kinds of sleep
disturbance found in cancer survivors, it is thought that a number of different clinical factors
can precipitate and/or perpetuate insomnia in cancer survivors. Old age, for example,
increases the vulnerability for insomnia in cancer survivors (Savard et al., 2001a).
Furthermore, it is generally assumed that insomnia is secondary to psychological distress
and anxiety of cancer diagnosis and treatment, although Cimprich (Cimprich, 1999) found
that sleep problems are frequent even in those patients who report low levels of anxiety.
Pain is less likely to be a factor in sleep problems among cancer survivors who show no
indication of residual or recurrent disease (Fortner et al., 2002).

Among cancer survivors, other cancer specific factors should also be considered. For
example, Berger and Farr (Berger et al., 1999) reported that women undergoing
chemotherapy showed a progressive increase in the number of awakenings with the duration
of the treatment cycle. However, Liu et al. found no change in subjective sleep quality with
an increase in total sleep time, during chemotherapy for women with breast cancer (Liu et
al., 2012b) similar to the findings of Palesh et al across diverse cancer types(Palesh et al.
2010). Other studies also report that the prevalence of sleep problems was not related to time
since diagnosis nor to treatment type (Savard et al., 2001a) and that sleep disturbance was
similar across groups who receive different treatment (e.g., surgery, chemotherapy,
radiation) (Davidson et al., 2002), although nocturnal menopausal symptoms increases
reports of insomnia. Nevertheless, high rates of sleep complaints occur after initiation of
adjuvant therapy (e.g., tamoxifen) for breast cancer, which can hasten premature
menopause. Together, these data suggest that insomnia develops a chronic course in a
substantial proportion of cancer survivors, especially in older adults (Savard et al., 2001a),
contributing to fatigue, impairments in quality of life, and possibly depression. Despite such
evidence, it also important to note that findings are mixed and adjuvant endocrine therapies
(e.g., tamoxifen) have not been consistently related to either the onset or maintenance of
insomnia symptoms (Berger et al., 2000; Stein et al., 2000). Circadian rhythm disturbances
might also contribute to sleep disturbance, but consideration of the associations between
cancer and biological rhythms is beyond the scope of this review. In sum, multiple cancer-
specific factors increase vulnerability for sleep complaints and likely contribute to the
perpetuation of these sleep problems and the onset of sleep disturbance in breast cancer
survivors (Savard et al., 2001a). However, additional research is needed to uncover cancer-
specific physiological, psychological, and behavioral factors that contribute to the
development of insomnia during chemotherapy, similar to the conclusion offered by Palesh
et al (Palesh et al.) in the largest study to date that longitudinally examined insomnia
symptoms and clinical characteristics in a diverse sample of cancer patients undergoing
chemotherapy.

Sleep Disturbance and Depression Risk

Insomnia is the most frequent sleep disturbance in depressed patients, and such sleep
impairment is viewed as a symptomatic dimension of current depression. Sleep disturbance
often lingers and its persistence can represent a residual phase of a major mood disorder.
Alternatively, emergence of disturbed sleep may serve as a precursor or prodrome of
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depression that occurs later in life. Indeed, insomnia is increasingly viewed as an
independent risk factor for depression. Although there are no prospective data in cancer
survivors, some limited prospective data are available in non-cancer adults and older adults.
For example, as part of the Epidemiologic Catchment Area study, Ford and Kamerow (Ford
et al., 1989) found that persistent insomnia was associated with the incidence of hew major
depression. As such, these findings were among the first to identify the need for research to
determine if early recognition and treatment of sleep disturbance, a modifiable risk factor
(Cole et al., 2003), might forestall or prevent incident depression. Even less is known about
the prospective association between sleep disturbance and depression recurrence, as opposed
to incident new major depression. Whereas sleep disturbance has been shown to predict
depression relapse and recurrence in late life (Buysse et al., 1996; Dew et al., 2001;
Dombrovski et al., 2007; Flint et al., 2000), these data are limited to populations who were
conveniently recruited from specialty clinics. Hence, the generalizability of such
observations to community dwelling adults and/or cancer survivors is not known.

Furthermore, despite evidence that sleep disturbance and other factors (e.g., life stress, social
support) are associated with persistence of depression in community dwelling adults
(Beekman et al., 2001; Beekman et al., 1995; Denihan et al., 2000), their prospective
contribution to depression recurrence has not been extensively evaluated nor examined in
large groups of cancer survivors. For example, in a meta-analysis of 20 prospective studies
(Cole et al., 2003), only four studies used multivariate approaches to identify sleep
disturbance as a predictor of depression onset among elderly community subjects and none
of these studies addressed cancer-related variable, and many of these studies included small
samples. However, in community-dwelling older adults, Cho et al. recently found in a two-
year longitudinal study that sleep disturbance is a predictor of incident depression among
non-depressed elderly community subjects, and that the risk posed by sleep disturbance is
greater — maybe specific — for depression recurrence than for depression incidence (Cho et
al., 2008). For example, in this sample depression occurrence was strongly predicted by
prior depression history (odds ratio 38.65, 95% CI 4.72-316.43, P=0.001), with a
cumulative incidence of depressive disorders of 16.9% (11.0-24.3%) at 2 years. Moreover,
sleep disturbance at baseline was significantly associated with depression recurrence (odds
ratio 4.84, 95% CI 1.40-16.73, P=0.01), taking into account other predictors of depression
recurrence including antidepressant medication use (3.25, 1.23-8.53, £=0.02), and other
depressive symptoms (1.15, 1.02-1.30, A=0.03). Given that over one-third of individuals
with prior depression history were using antidepressant medications, and such use was not
protective in ameliorating the risk of sleep disturbance on depression occurrence,
interventions that specifically target sleep disturbance might have a unique role in reducing
subsequent depressive morbidity. Importantly, cancer diagnosis and treatment introduce
many extraneous variables that might alter the association between sleep disturbance and
depression risk; research that target cancer survivors is needed to determine whether risk
models that perform well in older adults generalize to cancer survivors.

Inflammation, Sleep Disturbance and Depressive Symptoms in Cancer

Overview

Among the biological mechanisms contributing to onset and maintenance of sleep
disturbance and/or depression, inflammation has emerged as one important pathway, which
may be especially relevant in cancer survivors. In association with increased prevalence of
sleep disturbance and depression, prominent increases in proinflammatory cytokine activity
occur in cancer survivors. Indeed, epidemiological studies have shown that chronic
inflammation predisposes individuals to various types of cancer including breast cancer, and
underlying inflammatory responses are linked to 15-20% of all deaths from cancer
worldwide (Mantovani et al., 2008). In addition, chronic inflammation is reported to be

Brain Behav Immun. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Irwin et al.

Page 7

associated with recurrence of breast cancer (Cole, 2009). Moreover, cancer treatments are
potential inducers of inflammation. For example, chemotherapy is associated with acute
increases in inflammatory markers (Mills et al., 2008; Mills et al., 2004; Wang et al., 2010),
which may persist long into survivorship, with some data suggesting that such increases may
be associated with fatigue and sleep disturbance during chemotherapy treatment (Liu et al.,
2012a; Liu et al., 2012c). Among the panoply of molecules involved in cancer-related
inflammation, key endogenous factors can be identified including transcription factors such
as nuclear factor-xB (NF-xB), and major inflammatory cytokines (such as IL-1p, IL-6, and
TNF-a)(Karin, 2006). As described below, wake—sleep cycles have emerged as homeostatic
regulators of inflammatory biology, in which sleep loss induces activation of NF-xB to
coordinate the production of inflammatory mediators and systemic inflammation. In turn,
proinflammatory cytokines are thought to contribute, in part, to the onset of depressive
symptoms. In addition, inflammatory processes are being investigated as explanatory
mechanisms for the demonstrated links between depression and morbidity and all-cause and
disease-specific mortality, including cancer.

Studies in laboratory animals and humans provide compelling evidence that administration
of innate immune cytokines induces a syndrome of “sickness behavior” that has many
overlapping features with the behavioral symptoms commonly experienced by cancer
patients, including sleep disturbance and depression (Dantzer et al., 2008; Irwin et al.,
2011a). Such behavioral effects of inflammatory cytokines are secondary to the capacity of
peripheral cytokine signals to access the brain, activate inflammatory responses within the
brain, and interact with neurobiolgical pathways involved in behavioral states such as sleep
disturbance and depression (Dantzer et al., 2008; Irwin et al., 2011a; Miller et al., 2008).
Within the brain, pro-inflammatory cytokines decrease the activity of key behavior-
modulating neurotransmitter systems including norepinephrine, dopamine and serotonin
(Miller et al., 2009) all of which play a major role in the regulation of multiple behaviors
and are the primary targets for currently available psychopharmacologic treatments of
depression (Dantzer et al., 2008; Irwin et al., 2011a; Miller et al., 2008).

Sleep Disturbance and Inflammation

Sleep has key consequences for proinflammatory cytokine expression. Experimental sleep
restriction, with a loss of total sleep time, leads to daytime increases in production and
circulating levels 1L-6 levels (Meier-Ewert et al., 2004); (Redwine et al., 2003; Shearer et
al., 2001; Vgontzas et al., 1999). In addition, loss of sleep for only part of the night induces
an upregulation of leukocyte expression of pro-inflammatory cyotkine genes and increased
NF-kB activity (Irwin et al., 2006b; Irwin et al., 2008). These effects are especially
pronounced in women (Irwin et al., 2010; Irwin et al., 2008), possibly due to sex differences
in sympathetic nervous system upregulation of IL-6 production (O’Connor et al., 2007),
which together might contribute to sex differences in the incidence of inflammation-related
behavioral and autoimmune diseases. Observational studies have also identified elevated
levels of C-reactive protein (CRP) and other inflammation-related biomarkers in night-shift
workers who have a disruption of sleep-wake activity, as well as insomniacs who report
poor sleep quality and disruption of sleep continuity (e.g., difficulties with sleep onset or
sleep maintenance with an overall decreases in total sleep time) (Motivala et al., 2007).
Little is know about the effects of hypersomnia on inflammatory markers, although there is
evidence that long sleepers (i.e., total sleep time more than 8 hours per day) have an
increased risk of mortality similar to short sleeper (i.e., total sleep time less than 6 hours per
day) (Kripke et al., 2002). However, despite evidence of increased inflammation in cancer
survivors and compelling observational and experimental data indicating a relationship
between sleep disturbance and innate immune cytokines such as IL-6, the relationship
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between sleep and inflammatory markers in cancer survivors has not been rigorously
examined.

Systemic inflammation may also have reciprocal effects and play a role in the homeostatic
regulation of sleep (Imeri et al., 2009). Animal genetic studies and LPS administration
studies in humans (Imeri et al., 2009; Mullington et al., 2000) have linked changes in non-
rapid eye movement (NREM) sleep to elevated levels of circulating type I IFN and pro-
inflammatory cytokines. In animals, cytokines such as TNF increase NREM- and decrease
REM sleep (Imeri et al., 2009), although Hogan et al. found that IL-6 administration
produces a fragmentation of sleep in rats (Hogan et al., 2003). In humans, pharmacological
administration of a single dose of IL-6 or treatment with IFNa in humans induce decreases
in NREM, slow-wave sleep and increases in REM sleep (Imeri et al., 2009; Raison et al.). In
contrast, a single dose of endotoxin, which induces physiologic, as opposed to
pharmacological, elevations of proinflammatory cytokines, has been found to enhance sleep
depth (Mullington et al., 2000). However, these pharmacologic and experimental approaches
yield elevations of proinflammatory cytokines that are several fold greater than found in the
resting, baseline condition, and a further question concerns the association between varying
levels of proinflammatory cytokines at rest and sleep measures. In healthy individuals,
levels of IL-6 and TNFa obtained prior to sleep onset, and without experimental or
pharmacologic induction, temporally correlate with increased sleep latency and REM sleep
independent of other clinical factors (Irwin et al., 2004). Moreover, TNF antagonism that
blocks endogenous levels of TNFa has also been found to normalize REM sleep levels (for
example, in abstinent alcohol-dependent patients, who have elevated amounts of REM
sleep) (Irwin et al., 2009).

In summary, regulation of sleep architecture by the innate immune system may play a
substantial role in structuring overall inflammatory homeostasis (Imeri et al., 2009; Motivala
et al., 2007), given the substantial fraction of time we spend asleep, the general
immunological activation that occurs during sleep (Motivala et al., 2007) and
epidemiological links between abnormally high REM sleep and mortality (Dew et al., 2003).
Future research is needed to determine whether increases of proinflammatory cytokines are
a key biological mechanism through which disordered sleep accelerates morbid outcomes,
including depression risk, in cancer survivors.

Depression and Inflammation

Proinflammatory cytokines are thought to contribute, in part, to the onset of depressive
symptoms, and possibly to the onset and incidence of major depressive disorder in
susceptible populations such as cancer survivors. A recent meta-analysis (Howren et al.,
2009) revealed significant effect sizes for the relation of depression and C-reactive protein
(CRP) (51 studies), interleukin (IL)-6 (62 studies), IL-1 (14 studies), and IL-1 receptor
antagonist (IL-1ra) (9 studies), with effect sizes ranging from d =0.15 to 0.35. Effect sizes
remained significant when body mass index was controlled, and the effects were larger
when medication use (e.g., antidepressants, statins) was controlled. Clinically depressed
patient samples demonstrated the strongest relations, although relations also were reliable in
community samples. Among the seven study samples with cancer, depression was related
significantly to IL-6 (Musselman et al., 2001b; Seruga et al., 2008; Soygur et al., 2007).
Tumor necrosis factor (TNF-a) also has been linked to depression (Seruga et al., 2008);
relevant research on other inflammatory markers was not available in cancer samples.
Howren et al (Howren et al., 2009) noted the plausibility of causation in either direction,
although as described above, basic animal research has implicated proinflammatory activity
in inducing a motivational state that parallels depressive symptoms (Dantzer et al., 2008).
Indeed, some large scale prospective studies have found that elevated levels of systemic
inflammation (e.g., C-reactive protein, CRP) are prospectively associated with depression
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(Gimeno et al., 2009; Matthews et al., 2007), although others have suggested that depression
leads to elevated levels of inflammatory markers (Duivis et al., 2011). Nevertheless,
administration of the cytokine interferon-a to cancer patients and other clinical samples
induces increases of depressive symptoms that are responsive to treatment with
antidepressants (Miller et al., 2008). Together, these naturalistic and experimental
observations suggest that activation of inflammatory pathways may be causally linked to the
onset of depressive symptoms, at least in certain vulnerable patient populations such as
those with cancer.

Inflammatory cytokines can alter the metabolism of key monoamines that are involved in
the pathogenesis of mood disorders (Dantzer et al., 1999). For example, cytokine-induced
behavioral changes are associated with alterations in the metabolism of relevant
neurotransmitters such as serotonin, norepinephrine, and dopamine, all of which play a
major role in the regulation of depressive symptoms. (Miller et al., 2008; Miller et al., 2009).
Proinflammatory cytokines through stimulation of multiple inflammatory signaling
pathways (e.g., nuclear factor kB, NF-xB) activate neurotransmitter metabolism, which in
turns leads to decreased availability of tryptophan, the amino acid precursor for serotonin.
Furthermore, the reuptake of monoamines is influenced by cytokines and their signaling
pathways, which further reduces the availability of these neurotransmitters contributing
behavioral symptoms such as depression.

Additionally, recent evidence suggests that polymorphisms in several cytokine genes are
potential markers for genetic susceptibility for depressive symptoms and treatment response
(Miller et al., 2009). Together, these results suggest that blockade of inflammatory cytokines
might diminish risk and improve treatment response of depression, although there are no
studies in cancer survivors with evidence of increases in markers of inflammation. These
data also raise the possibility that circulating inflammatory biomarkers and inflammation-
related genetic polymorphisms might be used to help guide targeted therapy for specific
major depressive disorder subtypes that are thought to have an inflammatory component
such as depression in older adults or in those with inflammation-associated disease including
cancer. It is important to note further that links between inflammation and depressive
symptoms have also led to the hypothesis that the increased prevalence of major depressive
in modern industrialized society may stem form decreased exposure to tolerogenic
microorganisms, which contributes to dysregulated inflammatory signaling (a psychiatric
version of the “hygiene hypothesis”)(Raison et al., 2010).

Given the “main effects” of inflammation-related gene polymorphisms on depression (i.e.,
mediated via genetic effects on inflammatory cytokine levels), it is also conceivable that
inflammatory signaling may interact with brain neurotransmitter systems to affect the risk or
severity of depression. Under such a model, polymorphisms in neurotransmitter-related
genes (e.g., the serotonin transporter promoter polymorphism 5H7TLPR, coding
polymorphisms in BDNFand COMT genes;(Uher et al., 2008) might affect CNS
vulnerability/resilience to the depression-promoting effects of inflammatory cytokines. With
this hypothesis, inflammation could be viewed as a moderator of brain-related genetic risk
factors for depression, serving as a physiologic “stress” to actualize a genetic “diathesis” as
previously observed in studies of interaction between psychosocial stress and the 5H7TLPR
polymorphism (Caspi et al., 2003). Consistent with this notion, antidepressant medications
(e.g., serotonin- and norepinephrine reuptake inhibitors) interact with brain neurotransmitter
gene polymorphisms (serotonin transporter gene) to affect monoamine metabolism, which in
turn have been shown to influence the development of cytokine-induced depressive
symptoms in humans (Bull et al., 2009). Alternatively, variants neurotransmitter genes such
as the serotonin transporter gene might influence inflammatory profile and risk for
depression. Indeed, it is thought that variants in the serotonin transporter gene (i.e., 5-
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HTTLPR polymorphisms) influence susceptibility to depression in which those carrying two
short alleles of the 5-HTTLPR gene have increased risk of depression. Recent evidence
demonstrated that SS individuals exhibit a pro-inflammatory bias under resting conditions
and/or during laboratory stress(Fredericks et al., 2010). Moreover, among individual who
have the serotonin transporter gene variant, SLC6A4 gene, increases in both depressive
symptoms and 1L-6 plasma levels have been identified (Su et al., 2009).

Functional neuroimaging studies in humans have begun to map the specific neural circuits
associated with cytokine-induced depressive symptoms, and have identified altered
connectivity among the subgenual anterior cingulate cortex, amygdala and medial prefrontal
cortex (Eisenberger et al., 2009; Harrison et al., 2009) and reduced ventral striatum response
to reward cues (Eisenberger et al. 2010a). It is known, for example, that clinical depression
is associated with alterations in brain circuits that are involved in emotion processing (e.g.,
anterior cingulate cortex). In addition to playing an important role in detecting physical and
social threat, and subsequently recruiting attention and coping resources to minimize danger
(Lieberman et al., 2009), increased activity of the anterior cingulate cortex has been
demonstrated in individuals at risk for mood and anxiety disorders, including those with
high-trait anxiety, neuroticism, and obsessive-compulsive disorder (Eisenberger et al.,
2004). Using an experimental challenge, inflammatory activation increased in regional
blood flow in the dorsal part of the anterior cingulate cortex (dACC) as revealed by
functional magnetic resonance imaging during a social rejection task (Eisenberger et al.,
2010b; Eisenberger et al., 2009). In association with such cytokine-inducted activation of the
dACC, depressive symptoms were elevated, and the severity of depressive symptoms
correlated with dACC in women, but not in men (Eisenberger et al., 2009). Finally, we have
found that experimentally-induced systemic inflammation alters neural activity that is
associated with anhedonia, a key diagnostic symptom of depression (Eisenberger et al.,
2010a). Along with increases in self-reported and observer-rated depressed mood, activity in
the ventral striatum was reduced in response to monetary reward cues. Hence, inflammation
alters reward-related neural responding in humans and these reward-related neural responses
mediate the effects of inflammation on depressed mood (Eisenberger et al., 2010a).

In summary, we and others have found that activation of proinflammatory cytokines leads to
marked increases in depressed mood (Eisenberger et al., 2010b; Eisenberger et al. 2009). In
contrast, pharmacologic blockade of inflammation activity improves sleep (Irwin et al.,
2009) and reduces depressive symptom severity (Tyring et al., 2006). Further research is
needed to examine the bi-directional relationships between inflammation and depression
occurrence, and the potential role of sleep disturbance in driving activation of inflammatory
biology. Such work has the potential to guide development of personalized strategies for
depression treatment, and possibly depression prevention in cancer survivors who are at high
risk for depression occurrence and/or recurrence.

Development of Biological Treatments Targeting Inflammatory Biology

Biological pathways such as inflammation are hypothesized to contribute to depression
occurrence, which together are driven in part by biobehavioral risk factors such as sleep
disturbance. Hence, it is important to utilize such pathophysiological models of depression
to inform the development of interventions that have the potential to treat and/or prevent
depression (Munoz et al., 2010; Reynolds, 2009). Insight into the role of these biological
mechanisms has the potential to improve the efficiency of risk identification and depression
prevention and possibly treatment, which may be especially true for cancer survivors who
show greater abnormalities in inflammatory dynamics. As an example, the use of molecular
signaling methodologies can be utilized to assist in identifying the upstream mechanisms
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that are differentially expressed in cancer survivors, triggered by sleep disturbance, and
causal in the differential increased risk of depression in cancer survivors versus. adults.

Under this hypothesis, it is logical to consider treatments that target the upstream
components in the cytokine-to-CNS-behavior link. For example, candidate pharmacologic
treatments would include cytokine antagonists, anti-inflammatory agents, and other drugs
that disrupt cytokine signaling pathways (eg, NF-xB) (Miller et al., 2008; Miller et al.,
2009). Indeed, several recent trials have demonstrated that TNF-a.-blockade with etanercept
is safe in patients with advanced cancer (Madhusudan et al., 2004; Madhusudan et al.,
2005), and one study found that chemotherapy fatigue was reduced with this medication
(Monk et al., 2006). Moreover, given the role of NFxB pathways in cancer etiology and
progression (Karin, 2006), this work would provide a foundation for collaborative efforts
between behavioral scientists and oncologists on the full spectrum of activity of relevant
antagonists of inflammatory pathways on health and quality of life outcomes in cancer
patients. Alternatively, at the level of the CNS, inflammation induced alterations in
neurotransmitter systems might be targeted by agents for specific monoamine systems. For
example, use of a serotonin reuptake inhibitor, paroxetine, prior to cancer treatment has been
found to reduce depression in cancer patients undergoing chemotherapy with IFNa
(Musselman et al., 2001a). In addition, the use of paroxetine has been found to effectively
reduce depressive symptom severity, but not fatigue, during chemotherapy in breast cancer
patients (Roscoe et al., 2005). Coupling such clinical trials with monitoring specific
inflammatory biomarkers has the potential to optimize treatment response characterization.
Moreover, knowledge about variants in inflammatory response genes might identify those
patient populations who are most likely to benefit from such inflammation-targeted and/or
neuropsychopharmacologic treatments.

Development of Behavioral Treatments Targeting Inflammatory Biology

Given the role of psychological stress on inflammatory dynamics, interventions that
specifically target stress responses such as cognitive-behavioral psychotherapies may be
especially relevant in the link between sleep disturbance, inflammation, and depression risk.
Furthermore, given cancer treatment is associated with the onset of sleep disturbance and
increases in depressive symptoms, the use of such interventions prior and during cancer
treatment may hold considerable promise, although to our knowledge there is an absence of
such research to date.

Such behavioral therapies include components such as relaxation training, enhancement of
coping and/or emotion regulation skills, and establishment of appropriate sleep-wake habits
and beliefs about sleep. For example, a recent cognitive-behavioral therapy program
focusing on coping, sleep, physical activity, and social support was found to lead to
significant improvements in fatigue in 54% of cancer survivors compared with 4% of
patients assigned to a control condition, although inflammation was not evaluated (Gielissen
et al., 2006). However, among those with an underlying inflammatory disorder (i.e.,
rheumatoid arthritis), we determined that an intervention that specifically targets emotion
regulation is more effective in improving depression outcomes than an omnibus cognitive
behavioral treatment, and that this benefit is particularly robust among those who have a
prior history of depression (Zautra et al., 2008). The intervention for emotion regulation was
based on practices of mindfulness, whereas the cognitive behavioral treatment involved a
program of specific verbal/written protocols guiding participants through exercises designed
to restructure dysfunctional thoughts and ruminations that contribute to negative perceptions
of self and the environment. Benefits on the cellular expression of proinflammatory
cytokines were found after 16 weeks in persons who had an improvement of depression
(Zautra et al., 2008).
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Several other behavioral interventions have been found to modulate inflammatory signaling
in the innate immune system including aerobic exercise (Nicklas et al., 2008), compassion
meditation (Pace et al., 2009) and Tai Chi (Irwin et al., 2011b; Lavretsky et al.) in
association in improvements in sleep disturbance, for example. Moderate intensity physical
activities such as walking for 20-30 minutes per day, which provides aerobic training
without activating anaerobic respiration led to benefits on inflammatory markers after 12
months (Nicklas et al., 2008), but only among those who had elevated levels at baseline.
Similarly, a meditation that involved thought focusing directed toward compassion of others
has been to reduce sympathetic arousal mechanisms, and alter inflammatory responses to
stress with benefits on inflammatory markers after 6 weeks (Pace et al., 2009). Finally, Tai
Chi Chih, a Westernized form of the Chinese martial art Tai Chi, involving a slow moving
meditation involving 20 minutes of aerobic exercise with relaxed breathing and attentional
focus and body awareness led to benefits on inflammatory markers after 25 weeks (Irwin et
al., 2011b) with impacts reported on biomarkers of inflammation including pro-
inflammatory cytokine levels (e.g., CRP) and ex vivo cellular production of TNF and IL-6 in
response to LPS stimulation. Moreover, the latter intervention has been found to improve
sleep quality (Irwin et al., 2011b), and augment the treatment efficacy of antidepressant
medications concomitant with reductions in inflammation (Lavretsky et al., 2011).
Importantly, the regulation of leukocytes by these behavioral treatments may contribute to
their neurobiological and behavioral impact if, for example, neurally-mediated reductions in
peripheral inflammation feed back to reciprocally reduce depressive symptoms.

Toward Depression Prevention in Cancer Survivors

Multiple clinical, behavioral (e.g., sleep disturbance), and biological factors (e.g.,
inflammation) have been found to contribute to depression risk in non-cancer adults.
However, cancer-related variables may alter the depression risk profile initially found in
non-cancer persons; prospective research in cancer survivors is needed to address this
critical gap.

Insight into the selective profile of risk indicators in cancer survivors has the potential to
advance the design of a depression prevention trial. For example, consideration of profiles of
two or more risk factors (Schoevers et al., 2006) is a necessary strategy to optimize health
gains, minimize effort and concomitant costs, and lead to a substantial drop in number
needed to treat (NNT) in a prevention trial. Unfortunately, the majority of prior depression
prevention studies have selected broad target groups (e.g., primary care patients; those with
medical disorders) rather than using disease specific and/or multivariate approaches in
selection of a high risk population (Munoz et al., 2010). No depression prevention study has
been conducted in cancer survivors despite the high prevalence of depression in this
population.

Defining the unique and specific role of sleep disturbance in depression risk represents an
important paradigm shift in depression treatment and/or prevention trials. Most prior
research, conducted in non-cancer populations, have typically employed broad-based
psychoeducational treatments within the cognitive behavioral “family”, in order for
participants to learn practical skills intended to help them cope with and overcome
depressive feelings, possibly in the context of interpersonal events (e.g. conflicts,
transitions)(Munoz et al., 2010). Given that cancer specific factors uniquely contribute to
sleep disturbance in cancer survivors, development of a specific intervention that targets this
modifiable risk factor is an efficient strategy. Moreover, using an efficacious treatment such
as cognitive behavioral therapy for insomnia, which is found to be as effective as
pharmacologic treatments, shows considerable promise in improving sleep disturbance
(Irwin et al., 2006a; Nicassio et al., 1997).
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Finally, understanding the role of inflammatory biology dynamics in sleep disturbance and
depression has the potential to refine prediction of risk and treatment response.
Alternatively, the efficacy of behavioral interventions might be bolstered by the use of
medications or other interventions (e.g., exercise) that attenuate inflammation. As such, an
increasing focus on inflammation represents a major advance for current clinical practices,
by providing a plausible biologic mechanism to explain variability in risk and response to
treatment in cancer populations with depression.
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Model depicting the impact of depression history and sleep disturbance on occurrence of
depressive symptoms and depressive episode(s), taking into account the relationships with
inflammation and psychosocial-, biobehavioral-, and medical factors in cancer survivors.
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