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Abstract

OBJECTIVES—To examine whether day-to-day variations in sleep behaviors, ongoing sleep

disturbance and fatigue predict the cortisol diurnal rhythm in women recently diagnosed with early

stage breast cancer.

Methods—Women (N=130, age=55. 6±9.4 years) collected saliva 5×/day/2 days for cortisol.

Diaries were used to assess prior-day nap duration, nocturnal awakenings, sleep latency, and

morning restfulness. Ongoing fatigue and sleep disturbance were measured using the

Multidimensional Fatigue Symptom Inventory and the Pittsburg Sleep Quality Inventory. Data

were analyzed using multilevel growth curve modeling.

Results—Greater ongoing fatigue (b=0.035, p = .032), or sleep disturbance (b=0.026, p = .006)

predicted a slower cortisol decline. Greater ongoing fatigue also predicted higher awakening

cortisol (b=0.154, p = .030) and lower cortisol awakening response (CAR) (b=−0.146, p = .005).

Longer prior-day naps predicted higher CAR (b=0.042, p=.050), and a steeper cortisol decline (b=

−0.035, p = .003). Longer sleep latency predicted both a greater cortisol linear decline (b=−0.013,

p < .001), and a greater quadratic slope curvature (b=0.0007, p < .001). Feeling less rested in the

morning predicted lower awakening cortisol (b=−0.187, p= .004), higher CAR (b=0.124, p=.016)

and a slower cortisol decline (b=0.023, p=.042).

CONCLUSIONS—Both daily variations in sleep behaviors and ongoing sleep disturbance and

fatigue associated with a disrupted cortisol rhythm. In contrast, prior-day napping associated with

a more robust cortisol rhythm. These findings are particularly relevant to women with breast

cancer who often experience sleep disturbance and fatigue. Additional research is needed to

determine causal pathways between sleep disturbance and dysregulation of the hypothalamic-

pituitary-adrenal axis in patients with breast cancer.
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Introduction

Healthy individuals exhibit a diurnal pattern of cortisol secretion, with high levels of cortisol

at awakening that further increase 50–60% at 30–45 minutes post-awakening (i.e., the

cortisol awakening response or CAR) (1). Subsequently, cortisol levels rapidly decline in the

first few hours after awakening, and then more gradually decline throughout the day to reach

a nadir during sleep (2). The cortisol diurnal rhythm is under neural regulation, largely

mediated through the suprachiasmatic nucleus and a light-sensitive extra-pituitary pathway

that modulates adrenal sensitivity to ACTH. It is also subject to hormonal negative

feedback, whereby cortisol inhibits hypothalamic-pituitary-adrenocortical (HPA) activity by

interacting with glucocorticoid and mineralocorticoid receptors (3). Superimposed upon this

regulation, the cortisol diurnal rhythm is also responsive to emotional, social, and physical

experiences (4). Recent evidence demonstrates that cortisol levels, especially the cortisol

awakening level and the CAR, are sensitive to day-to-day experiences (1, 5, 6). Disruption

of the cortisol rhythm can adversely affect health, and for women with breast cancer, such

disruption may impair cancer control (7).

Women with breast cancer show substantial variation in their cortisol diurnal rhythm, with

some exhibiting a flattened rhythm (lower morning rise or higher level at bedtime) (7–9).

Disruption of the cortisol rhythm in women with breast cancer is associated not only with a

reduced quality of life (7, 10), but also increased cancer severity and poorer prognosis (8, 9).

Further, in women with advanced metastatic breast cancer, a flatter cortisol slope,

independent of other prognostic factors, was found to predict earlier mortality (7). These

findings emphasize the importance of clarifying intra-individual differences in behaviors

that associate with a disrupted cortisol rhythm in cancer patients. Fatigue and sleep

disturbance are common behavioral symptoms experienced by cancer patients, and each

have been linked to altered dynamics of the cortisol diurnal rhythm (7, 11). However, the

relationships between sleep disturbances/fatigue and HPA axis regulation are complex and

reciprocal. For example, disruption of the cortisol diurnal rhythm may contribute to and/or

exacerbate sleep disturbance and fatigue in cancer patients, as the HPA axis plays a role in

maintaining alertness and modulating sleep (12). Conversely, sleep onset, nocturnal

awakenings, and sleep duration are also known to influence the profile of the next-day

cortisol diurnal rhythm (13).

We previously demonstrated women with early stage breast cancer to report high levels of

fatigue after surgery and during cancer treatment (14). Such fatigue may be attributed to

sleep disturbance, which is more prevalent and intense prior to treatment onset and during

the early weeks of treatment (15). Others demonstrated sleep disruption in advanced cancer

patients to be linked to a flattened diurnal cortisol rhythm (7, 11). Likewise in a small

preliminary study, a flatter cortisol diurnal rhythm was observed in long-term breast cancer
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survivors with persistent fatigue (10). However, little is known about the relationship among

sleep quality, fatigue and the dynamics of the cortisol rhythm in women newly diagnosed

with early stage breast cancer. Furthermore, there is no understanding of whether prior-day

variations in sleep quality and napping alter the next-day cortisol rhythm pattern. Others

show short daytime napping provides neurobehavioral benefit for those with sleep loss (16,

17), and daytime napping in healthy individuals reverses the effects of sleep loss on cortisol

and IL-6 levels (18).

The purpose of this study, therefore, was to examine individual differences in the cortisol

diurnal rhythm in relation to day-to-day fluctuations in sleep behavior, and napping. Women

newly diagnosed with early stage breast cancer were enrolled and completed measures of

prior-day sleep behaviors, including napping, in conjunction with measures of more ongoing

sleep quality and fatigue, to determine associations with the day-to-day variations in the

cortisol diurnal rhythm. Prior-day sleep behaviors were measured by daily diary, which

assessed prior-day nap frequency and duration, latency to fall asleep, frequency and duration

of nocturnal awakenings, and next day morning report of restfulness. Multilevel growth

modeling was used to estimate diurnal cortisol profiles for each individual. Three-level

hierarchical growth curve models were tested to consider the nesting of moments within

days and days nested within persons (19). It was hypothesized that the cortisol diurnal

rhythm profile would be associated not only with more long-term sleep disturbance and

fatigue, but also with prior-day variations in sleep quality and napping.

Methods

Participants

The sample was drawn from a larger ongoing longitudinal study evaluating the effect of

mindfulness-based stress reduction on psychosocial stress and immune dysregulation in

women with breast cancer. For the present study, only data from the first assessment period

(prior to the intervention) were evaluated. Women were recruited from three breast oncology

clinics located in west-suburban Chicago. Eligible women were identified after their breast

surgery when their surgical pathology report was available. Women were excluded if

diagnosed with recurrent breast cancer or other cancers, immune-based or inflammatory

disease, major psychiatric disorder or cognitive dysfunction. They were also excluded if

they were substance abusers, used tobacco products, were taking corticosteroids, or if

prescribed systemic cancer chemotherapy. Women were enrolled at least 2-weeks post-

surgery after effects of anesthesia and surgical stress dissipated (20). A total of 146 women

were enrolled on average 7±5 weeks after their breast cancer surgery. Sixteen women

reported a recent respiratory condition or used sleep aid medication the night before saliva

sampling and were subsequently excluded from the final analysis. Thus, the final sample

included 130 participants with data collected from September 2008 to October 2012.

Procedure

Women completed sleep diaries for 3 consecutive days, to capture day-to-day variation in

sleep behavior. On day 2 and 3, women collected saliva: at awakening, 30-minutes post-

awakening, 1200h, 1700h, and at bedtime; saliva was used to determine the cortisol diurnal
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rhythm profile (described below). Women recorded the exact time of day for each saliva

collection. Also, women completed the Pittsburgh Sleep Quality Index and the

Multidimensional Fatigue Inventory, described below, to assess more prolonged or

“ongoing” fatigue and sleep disturbance. This study was approved by the Institutional

Review Board for the Protection of Human Subjects of all participating sites and informed

consent was obtained from all participants.

Assessment

Ongoing fatigue and sleep disturbance—To capture the ongoing experience of

fatigue and sleep disturbance during the weeks prior to cortisol sampling, the

Multidimensional Fatigue Symptom Inventory Short Form (MFSI-SF; (21)) and Pittsburgh

Sleep Quality Inventory (PSQI; (22)) were administered. The MFSI-SF measures overall

fatigue and fatigue experienced in five domains (general, emotional, physical, mental,

vigor). Respondents indicated their level of fatigue during the preceding one-week period

(0= not at all to 4= extremely), with a higher score indicating greater fatigue. The fatigue

total score represents total fatigue across all domains (subtracting vigor scale score) with a

range of −24 to 96. Factor analysis demonstrated good fit for the 5 factors. Previously

reported internal consistency ranges from .87−.96 (21). Cronbach alpha for the total fatigue

scale in the present sample was 0.94. The PSQI measures quality and patterns of sleep over

the preceding one-month period differentiating "poor” from "good" sleep on 7 subscales:

subjective sleep quality, sleep latency, sleep duration, habitual sleep efficiency, sleep

disturbances, use of sleeping medication, and daytime dysfunction. A global sum of "5" or

greater indicates "poor" sleep (range = 0 to 21). Cronbach alpha in the present sample was

0.83 for the Global Sleep Quality scale, when each of the seven components was treated as

an “item” in the analysis. PSQI has high validity and reliability with cancer patients (22, 23).

Daily measures of sleep and fatigue—Day-to-day variation in quality of sleep and

morning restfulness was assessed using a modified version of the sleep diary from the

Washington Women's Health Diary (24). Women completed diaries every morning and

every night prior to bedtime. At wakeup they answered questions about the previous night,

including: time they went to bed, time to fall asleep (i.e., sleep latency), and number and

duration of nocturnal awakenings. Women also recorded the time of awakening and rated

how rested they felt that morning (0 = extremely rested to 4 = not at all rested), with higher

scores indicating feeling less rested. At bedtime, women reported whether they napped

during the day, and if so, for how long (in minutes). They also recorded any acute health

issues, exercise behavior, and use of over the counter or prescription medications, including

sleep aids.

Salivary cortisol diurnal measurement—To evaluate the cortisol diurnal profile,

participants collected saliva using salivettes (Sarstedt, Inc, Newton, NC) at 5 times over two

consecutive days, as noted in Procedure (25). The parameters defining the cortisol profile

were: wake-up cortisol, size of the cortisol awakening response (CAR), and linear and

quadratic slope from wake-up to bedtime. Salivary cortisol was measured in duplicate by

immunoassay (Salimetrics, LLC, State College, PA). Intra-assay precision was 3.35–3.65%

and inter-assay precision was 3.75–6.41%. Sensitivity is < 0.003 µg/dL (26).
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Control variables—Demographic information, including age, race, marital status,

education, and employment status, was obtained by self-report. Depressive symptoms and

perceived stress were assessed as covariates, using the Center for Epidemiologic Studies

Depression scale (CES-D; (27) and the Perceived Stress Scale (PSS; (28), respectively.

Cancer pathology, staging, and treatment were obtained from medical records. Health

behaviors (i.e., exercise, tobacco and medication use, and co-morbidities) were collected by

self-report. The Charlson Co-morbidity Index-CCI was calculated and used to statistically

control for pre-existing medical conditions. This index factors chronological age with

comorbidities to create a sum score for each participant (29).

Statistical analysis

Preliminary analyses were performed using IBM SPSS 20.0 (Chicago, IL). Summary

descriptive statistics for all variables were calculated and normality of distribution

examined. Cortisol values were natural log-transformed to adjust for a positively skewed

distribution. A modest skew was also detected for the latency to fall asleep (skewness =

1.16, SD = 0.19), however transformations offered no advantages to approximate normal

distribution (30). Subsequently, raw scores were used in the final analysis.

Hierarchical linear modeling (HLM) was performed using HLM 7.0 software for computing

multilevel model for change (19). HLM is based on full maximum likelihood estimation and

was used to examine the associations among cortisol and the day-to-day variation in sleep

behaviors, in conjunction with ongoing fatigue and sleep disturbance. Hierarchical growth

modeling allows for examination of moment-varying, day-varying and person-varying

factors within the same model (5, 19). HLMs also estimate variance components associated

with the initial level and the time trend, which is indicative of the sample’s heterogeneity.

Three-level HLMs were computed. Level of cortisol for each person at each moment was

the dependent variable. Predictor variables included moment-level predictors (Level 1), day-

level (Level 2), and ongoing individual differences (Level 3). In order to fit the data to

model the shape of each individual’s diurnal rhythm and the size of their CAR, time since

awakening and CAR variables were included at Level 1. The time since awakening variable

was computed by subtracting the wakeup time from the exact time of each cortisol sample,

such that time upon awakening was zero. A quadratic term (hours since waking squared)

was included to capture the curvilinear nature of the diurnal cortisol profile. To model the

size of CAR, a dummy-coded variable CAR was also a part of the Level 1 model. To predict

changes in the diurnal cortisol rhythm from day-to-day, sleep diary variables the day before

(i.e., minutes to fall asleep, nocturnal awakenings, duration of nap time) and ratings of

morning fatigue on the day of each cortisol sampling were entered at Level 2. Level 3

included predictors of ongoing fatigue (as assessed by MFSI) and sleep disturbances (as

assessed by PSQI).

The HLM analysis was performed in three stages. First, to investigate the distribution of

variation of cortisol across moments, days and persons, an unconditional model (i.e., model

with no covariates) was fit to the data. The variance components were estimated to evaluate

individual variation around the sample-wide model estimates. The second stage of HLM

analysis examined the potential effects of the following variables: demographic (age, race,
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education, marital status and BMI), prior-day exercise, co-morbidities, medication usage

(including anti-depressants), and cancer treatment variables (cancer stage, type of surgery,

radiation therapy, time since start of radiation therapy, and anti-estrogen cancer therapy).

Effects of depressive symptoms (CES-D) and women’s perception of stress (PSS) were also

tested. To achieve the most parsimonious models, only variables that had a significant effect

(t-value above 2.00) and retained their significance in combination with other predictor

variables were left in the final model. Note, no effect of cancer treatment variables including

radiation therapy, medication usage, depressive symptoms and perception of stress were

found to affect the cortisol diurnal rhythm. During the third and final stage, potential

moderating effects of daily sleep behaviors (assessed by sleep diary) and ongoing fatigue

and sleep disturbance (assessed by MFSI, PSQI) were examined. These variables were

standardized to aid in the interpretation and were entered simultaneously.

In the models, the intercept represents average cortisol level upon awakening, linear and

quadratic slopes reflect change across the day from time of awakening to bedtime (excluding

CAR), and CAR coefficient reflects each woman’s CAR. The slope coefficients are

interpreted as a percent change per one standard deviation change in the predictor variable,

after applying the following transformation : B%change=[exp[Braw]−1]. To return the cortisol

intercept value to the original measurement scale (µg/dl), the inverse of natural-log was

applied (see Table 3). All Level 2 and Level 3 predictor variables were standardized and co-

variables were grand mean centered.

Results

Descriptive characteristics of participants

As summarized in Table 1, women were predominantly Caucasian (77%), married (72%),

and well educated. The majority had Stage 0 or Stage I breast cancer (78%). All women

underwent surgical removal of their cancer (101 had breast conserving surgery and 29 had a

mastectomy). Most women (n=110) received adjuvant radiation therapy; 25% of the women

had begun their radiation treatment and on average were 3 ±2.5 weeks into their treatment at

assessment. The effects of radiation therapy and time since the start of radiation therapy

were examined as covariates during stage 2 of the HLM analysis and were not significant

predictors of the cortisol diurnal rhythm. Descriptive data for the fatigue and sleep measures

are provided in Table 2. Data from the sleep diaries reported in Table 2 were averaged

across 2 days. As indicated by the PSQI and MFSI measures, women reported poor sleep (M

= 8.1, SD = 3.6) and increased fatigue (M = 16.4, SD = 11.8) (22, 31). Intercorrelations

(assessed by Pearson or Spearman rank correlation coefficients as appropriate) between

sleep/fatigue variables are reported in Table 4. Greater sleep disturbance (PSQI) was

associated with greater fatigue (MFSI) (r = .49, p < .001) and prolonged sleep latency (ρ =.

21, p = .016). Greater levels of morning restfulness were related to less fatigue (r = −.37, p

< .001), less sleep disturbance (r = −.37, p < .001), shorter duration of nocturnal awakenings

(r = −.26, p = .003) and shorter sleep latency (ρ = −.29, p < .001). Raw cortisol values for

the 2-days of saliva collection are provided in Table S1, Supplemental Digital Content 1.
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The effects of daily sleep factors, ongoing sleep disturbance and fatigue

Results of the final HLM analysis are shown in Table 3. On average, across two days,

women showed a typical diurnal pattern of cortisol: high values upon awakening (b =

−1.216, = 0.296 µg/dl), a 48% increase in CAR (b = 0.394) and an initial decline at

awakening (b = −0.191 = 17% decrease per hour at wakeup). The quadratic term was

significant, indicating that there was a curvature to the diurnal rhythm in addition to the

linear decline over the day. For example, the rate of the decline was 14% decrease per hour

at 1200hr, was reduced to 11% by 1700hr and finally tapered off to 5% at bedtime. The rate

of the decline was most rapid within the first 8 hours and tapered off by the end of the day

(16 hours later). Of the covariates tested (i.e., demographic and cancer treatment variables),

only the co-morbidity index significantly associated with the linear rate of change in cortisol

level, in that women with a greater co-morbidity index exhibited a flatter linear slope (b =

0.004, p = .051). Significant associations are demonstrated in Figures 1–3. Note these

figures are graphical representations of the predicted estimates computed by HLM, and not

sample mean values.

Ongoing fatigue and quality of sleep

Significant associations between ongoing fatigue and quality of sleep and cortisol

parameters were found (see Table 3). Women reporting greater levels of ongoing fatigue

(MFSI) had higher cortisol levels upon awakening, with a 14% increase per 1SD increase in

fatigue (b = 0.154, p = .030). See Figure 1a. An elevation in ongoing fatigue was also

associated with a less pronounced CAR (b = −0.146, p = .005; with a 13.5% decrease per

1SD increase in fatigue), as well as a slower decline in cortisol over the day (b = 0.035, p = .

032; with a 3.4% flatter linear slope per 1SD increase in fatigue). Poor sleep quality (PSQI)

was significantly associated with linear slope (b = 0.026, p = .006), with a 2.7% flatter slope

for every 1SD increase in poor quality of sleep, but was not associated with cortisol upon

awakening, CAR, or quadratic change. See Figure 1b. Similar to ongoing fatigue, reduction

in sleep quality predicted a slower cortisol decline in linear slope (b = 0.026, p = .006).

Daily sleep behaviors

The following sleep diary variables, as measured across each day, were found to be

significantly associated with cortisol parameters: nap duration, duration of nocturnal

awakening, and morning restfulness were associated with cortisol levels at awakening; nap

duration and morning restfulness were associated with linear slope and with the CAR; and

sleep latency was associated with the linear and quadratic slopes. As shown in Table 3 and

Figure 2a, greater duration of prior-day naps was associated with lower cortisol at

awakening (b = −0.184, p = .004; with a 17% decrease for every 1SD increase in nap time)

and a greater CAR (b = 0.042, p = .050; with a 4.3% increase for every 1SD) on the

following day. A greater duration of prior-day naps was also associated with a steeper

cortisol decline (b= −0.035, p = .003; with a 3.4% steeper decline in linear slope per 1SD)

and less quadratic slope curvature (b = −0.0017, p < .001) over the following day.

A longer prior-night duration of nocturnal awakenings was significantly associated with

greater average cortisol at wakeup (b = 0.088, p = .043; with a 9% increase in cortisol for 1

SD increase in duration of nocturnal awakenings). Yet, the duration of nocturnal awakenings
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was not a significant predictor of CAR or linear or quadratic change over time (Figure 2b).

Latency to fall asleep the night before was significantly associated with both linear and

quadratic rate of change in cortisol but not with cortisol level at awakening or CAR. Longer

sleep latency was associated with a steeper decline in the linear slope of cortisol throughout

the following day (b = −0.013, p < .001; with a 1.3% steeper decline for every 1 SD) but

greater curvature in the slope as indexed by the quadratic slope (b = 0.0007, p < .001, Figure

3a).

Lastly, a decreased feeling of restfulness on the day of saliva collection was associated with

a lower cortisol level upon awakening (b = −0.187, p = .004; with a 17% decrease in cortisol

for every1 SD decrease in morning restfulness) and a greater CAR (b = 0.124, p = .016),

with a 12% increase in CAR for every 1 SD increase in morning restfulness. Also, a

decreased feeling of morning restfulness was associated with a slower decline of cortisol

over the day (b = 0.023, p = .042; with a 2.3 % flatter slope for every 1 SD increase in

morning restfulness). However, morning restfulness was not a significant predictor of the

quadratic trajectory (Figure 3b).

Discussion

Few studies have modeled the day-to-day dynamics of associations between sleep behaviors

and the diurnal cortisol rhythm, together with an individual’s ongoing experience of sleep

and fatigue, as accomplished in this study. Key findings revealed that prior-day variations in

sleep behaviors, as well as ongoing or cumulative experience of sleep disturbance and

fatigue, independently influenced the day-to-day pattern of the cortisol diurnal rhythm in

women with early stage breast cancer. Specifically, women reporting either ongoing fatigue

or poor sleep quality exhibited a slower decline of cortisol during the day (i.e., flatter slope)

but in addition, ongoing fatigue was associated with a higher cortisol level at awakening and

a lower CAR. In contrast, prior-day nap duration associated with a more dynamic cortisol

diurnal rhythm marked by a lower cortisol level at awakening, a higher CAR, and a steeper

decline of cortisol throughout the day. Our evaluation of prior-day sleep behaviors revealed

that longer nocturnal awakenings were associated with a higher cortisol at awakening, while

longer latency to fall asleep was associated with an increased linear decline in slope, as well

as a greater quadratic curvature of the cortisol slope. Moreover, women who did not feel

rested on the morning of cortisol sampling exhibited lower levels of cortisol at awakening,

an increased CAR, and a slower decline in cortisol over the day.

Our finding that ongoing sleep disturbance and fatigue associated with a flatter cortisol slope

in women newly diagnosed with early stage breast cancer is consistent with prior work

evaluating women with advanced metastatic breast cancer (11), as well as preliminary

findings observed in a small sample of breast cancer survivors 1–2 years post-treatment

(32). Yet, there is limited research on the relationship among fatigue, poor sleep, and the

pattern of the cortisol rhythm in women recently diagnosed with early stage breast cancer.

One investigation examined women awaiting their breast cancer surgery, with the majority

of that sample (86%) having a diagnosis of Stage 0 thru Stage IIIA. Findings from that study

revealed that women with poor circadian consistency of rest/activity patterns (assessed by

actigraphy) exhibited flatter cortisol slopes (33). Another study of women without
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metastasis, who were on average 22 months post diagnosis, found those women reporting

poor sleep quality and shorter sleep duration to have a flatter diurnal slope (34). Our results,

in conjunction with these prior studies, demonstrate that associations between ongoing

fatigue and sleep disturbance and disruption of the cortisol diurnal rhythm are present in

women no matter what the stage of their cancer and such disruption manifests early on

during diagnosis and treatment, as well as much later during survivorship.

In our sample, 42% of women reported taking a nap, which varied from 5 to 110 minutes. A

novel finding from the present study was that longer prior-day nap duration was associated

with a more dynamic cortisol rhythm (i.e., greater CAR and steeper decline throughout the

day). Little is known about the effects of prior-day napping on cortisol levels. Some

evidence, however, shows that cortisol secretion is sensitive to daytime sleep in healthy

adults. For example, in individuals who took a nap on the day following a night of total

sleep deprivation, cortisol levels were found to be lower during the nap, but to increase

during the post-nap period (18). Yet others report a decrease in cortisol after a daytime nap

(35). To our knowledge the present report is the first to describe the effects of prior-day nap

duration on the cortisol diurnal rhythm in women with breast cancer.

The potential health benefits of napping remain under investigation; however, sleep hygiene

protocols commonly recommend avoidance of daytime naps to prevent disturbance of

nighttime sleep. Yet, contrary to this thinking, others demonstrated in healthy adults that

afternoon naps produced little effect on the duration or quality of subsequent nighttime

sleep; moreover, 24-hour sleep time was increased and those who napped had better

cognitive and psychomotor performance after the nap and over the day (36). Daytime

napping can also improve emotional state (37). Contrasting data, however, shows that

habitual and prolonged daytime napping can be associated with poor health outcomes (38,

39). Whether daytime naps are beneficial to health depends upon many factors, including the

duration of the nap, time of day that napping occurs, if the nap is planned or reactive, and

the person’s age and existing health condition (17). Our observation that daytime napping

associates with a steeper pattern of the cortisol diurnal rhythm is impetus to further examine

the influence of napping on the dynamics of the cortisol diurnal rhythm in cancer

populations, as some evidence shows cortisol and disruption of the cortisol diurnal rhythm

influence cancer control (7, 40–42). Although the precise mechanism is poorly understood,

cortisol can inhibit apoptosis of cancer cells (43, 44) and down-regulate expression of the

human tumor suppressor gene, BRCA1 (45). Prior work also demonstrated that social

isolation in rodents increased the corticosterone response to acute stress and such increase

was associated with greater mammary tumor progression (46). Further evaluation of

approaches that lower the cortisol response to stress and/or promote a more dynamic cortisol

rhythm is needed as such approaches may benefit cancer control.

A person’s sleep-wake cycle can modulate immune function (47) in that prolonged sleep

disturbance can promote a proinflammatory state by altering neuroendocrine pathways,

including cortisol secretion (48). Napping may reverse such effects. For example, in adults

who napped after a night of sleep deprivation, indices of inflammation were reduced and the

reduction was associated with a decrease in cortisol levels immediately after the nap (35).

This is pertinent to cancer patients, as inflammation contributes to tumor development and
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progression, including breast tumors (49, 50); thus the reduction of inflammation may serve

as another pathway whereby napping might benefit those with cancer-related sleep

disturbance and fatigue.

Our findings demonstrate that ongoing sleep disturbance and fatigue, as well as the day-to-

day experience of sleep disturbance and restfulness disrupts the cortisol rhythm in a manner

that results in more prolonged exposure to higher cortisol levels during the late afternoon

and evening hours. We observed that women who reported feeling less rested in the

morning, as well as women who reported greater ongoing fatigue and sleep disturbance,

exhibited a slower decline of cortisol over the day. Also, women reporting longer latency to

fall asleep the night prior to saliva sampling had more prolonged exposure to higher cortisol

levels. But in this case, longer sleep latency was associated with greater increase in the

curvature of the quadratic slope of the cortisol rhythm, instead of a flatter linear slope, as

observed for ongoing fatigue and sleep disturbance. This indicates that the decline in cortisol

level tapered off earlier in the day and was greater at bedtime for women with longer sleep

latency, compared to women with shorter sleep latency. These results demonstrate the

importance of accounting for the quadratic change in cortisol, which is not typically

evaluated.

We also observed that both day-to-day variations in sleep behaviors and ongoing fatigue

influenced the magnitude of the CAR. The CAR is a distinct phenomenon of the cortisol

diurnal rhythm and is under discrete neural and hormonal regulation (3). The precise

biological function of CAR remains unclear (3, 11), however, it is theorized that CAR serves

as an adaptive mechanism to prepare individuals for the demands of the upcoming day (i.e.,

the stress anticipation hypothesis) (5, 6). Although largely untested, the stress anticipation

hypothesis is supported by research demonstrating higher CAR during week-days versus

week-ends (51–53) and during athletic competition days versus non-competition days (54).

Further support for the stress anticipation hypothesis is provided by a study of healthy adults

that demonstrated an association between a higher CAR and an attenuated stress response to

stressors encountered later that same day (55). Our results show that women newly

diagnosed with breast cancer exhibit a higher CAR when they report feeling less rested in

the morning. Although speculative, this may represent an adaptive response of the HPA axis

to the anticipation of a more taxing day. In contrast, we observed that greater ongoing

fatigue associated with a lower CAR. This finding is consistent with meta-analysis of 147

studies, which found robust associations between fatigue, burnout, and a reduced CAR (56).

It should be emphasized, however, that neither heightened nor blunted CAR can be

interpreted as maladaptive. In fact, it is theorized that it is not the size of the CAR that

characterizes a "healthy" cortisol pattern, but the day-to-day flexibility and responsivity to

changes in daily circumstances. That is, the CAR is dysfunctional when it fails to adjust the

organism energetic supply to situational demands of a particular day (53).

Several limitations of this study are acknowledged. First, the design precluded a

determination of causal directions. It is possible that the disruption of the cortisol rhythm led

to the altered sleep behaviors and experiences of fatigue and sleep disturbance, and not the

reverse. For instance, in healthy elderly, Adam et al (2006) found that cortisol levels at

awakening predicted fatigue, but fatigue the day before did not predict wakeup cortisol (5).

Tell et al. Page 10

Psychosom Med. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Ample evidence demonstrates an important role for the HPA axis in maintaining alertness

and modulating sleep (12). Additional research is therefore needed to determine the causal

pathways because HPA axis dysregulation and sleep disturbances/fatigue may be bi-

directional. Second, we were unable to partial out the contribution of cancer-related

biological factors to the dysregulation of the cortisol rhythm. Others demonstrate in ovarian

cancer patients that tumor reduction/elimination through chemotherapy associates with

normalization of the cortisol rhythm and tumor-derived inflammation (57). Women in our

sample, however, had early stage cancer and were evaluated after surgical removal of their

cancer; thus, reducing the possibility that tumor-related inflammation contributed to the

observed disruption of the cortisol diurnal rhythm. Third, although the magnitude of the

variation in cortisol rhythm dynamics observed in our data are comparable to previous effect

sizes for change in cortisol levels observed in response to day-to-day variations in emotional

experiences (i.e., tension, anger) in healthy adults (5), the health implications of such

changes in cortisol rhythm remains to be determined. Fourth, our investigation used a short

sampling time frame (three days). A longer sampling period for both daily experiences and

cortisol would enhance understanding of the dynamics of associations between day-to-day

variations in sleep behaviors and the diurnal cortisol rhythm. Also, our study relied upon

subjective assessments of sleep quality. More objective measures of sleep quality, such as

actigraphy or polysomnography, are needed to more carefully evaluate the relationship

between sleep architecture and the cortisol rhythm in women with breast cancer. Lastly,

women were not asked to provide the time at which naps were taken. Although the evidence

is equivocal, in healthy adults a short afternoon nap can be restorative, providing short-term

increases in alertness and cognitive performance, as well as more long-term health benefits

(58). Yet, putative benefits of nap-timing depend on many factors, such as sleep quality

during the nap, quality of sleep during preceding night(s), and stability of the sleep/wake

cycle (16, 17). Despite limitations, our findings demonstrate that napping is associated with

a more dynamic cortisol diurnal rhythm, suggesting a potential biological mechanism

whereby napping might confer health benefits for women with breast cancer.

In summary, to our knowledge this is the first study to examine daily changes in sleep

behavior, in relation to day-to-day variation in cortisol rhythm in women newly diagnosed

with early stage breast cancer. Our findings demonstrate that the dynamics of the cortisol

diurnal rhythm is not only associated with the experience of more prolonged fatigue and

poor sleep quality, but is also sensitive to day-to-day variations in sleep behaviors, nap

duration, and morning feeling of restfulness. Thus, although typically treated as a random

error, day-to-day variability in the cortisol diurnal rhythm systematically associates with

day-to-day changes in sleep behaviors. These findings emphasize the importance of

continuing to investigate the dynamic interplay between one’s experiences and the nature of

the cortisol rhythm. It is possible that similar alterations in the cortisol diurnal rhythm may

occur in other populations, both healthy and ill, who experience fatigue and sleep

disturbance. For individuals with cancer, understanding factors that disrupt the cortisol

diurnal rhythm is significant, as a more dynamic cortisol rhythm supports cancer control

mechanisms and improves outcomes (7, 40–42).
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Figure 1.
(a–b). Graphical representation of the effects of ongoing fatigue (MFSI score) and sleep

disturbance (PSQI score) on cortisol diurnal rhythm. These effects are modeled either as the

average value as well as ±1SD of the sample mean values. Graphs are estimated by the

hierarchical linear models from the time of awakening (Wake Up) through bedtime.

(a) Greater ongoing fatigue (MFSI) was associated with higher cortisol upon awakening (b =

0.154, p = .030), smaller CAR (b = −0.146, p = .005), and flatter linear slope (b = 0.035, p

= .032), but not quadratic slope. MFSI = Multidimensional Fatigue Inventory; Solid line

represents MFSI scores at −1 SD; dotted line represents average MFSI scores; dashed line

represents MFSI scores at +1 SD.

b) Greater reduction in quality of sleep (PSQI) was associated with a flatter linear slope (b =

0.026, p = .006), but not cortisol upon awakening, CAR or quadratic slope.

PSQI = Pittsburgh Sleep Quality Index; Solid line represents PSQI scores at −1 SD; dotted

line represents average PSQI scores; dashed line represents PSQI scores at +1 SD.
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Figure 2.
(a–b). Graphical representation of the effects of duration of prior-day nap duration and

prior-night nocturnal awakenings on cortisol diurnal rhythm. These effects are modeled

either as the average value as well as ±1SD of the sample mean values. Graphs are estimated

by the hierarchical linear models from the time of the awakening (Wake Up) through

bedtime.

(a) Longer prior-day nap duration was associated with lower cortisol at awakening (b =

−0.184, p = .004), greater CAR (b = 0.042, p = .050), steeper linear (b = −0.035, p = .003)

and flatter quadratic slopes (b= −0.0017, p < .001). Solid line represents nap duration at

−1SD; dotted line represents average nap duration; dashed line represents nap duration at

+1SD.

(b) Greater duration of nocturnal awakenings was associated with a greater cortisol at

awakening only (b = 0.088, p = .043) and not CAR or linear/quadratic slope. Solid line

represents duration of nocturnal awakenings at −1SD; dotted line represents average

duration of nocturnal awakenings; duration; dashed line represents duration of nocturnal

awakenings at +1 SD.
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Figure 3.
(a–b). Graphical representation of the effects of prior-night latency to fall asleep and same-

day morning restfulness on the cortisol diurnal rhythm. These effects are modeled either as

the average value as well as ±1SD of the sample mean values. Graphs are estimated by the

hierarchical linear models from the time of the awakening (Wake Up) through bedtime.

(a) Longer prior night sleep latency was associated with steeper linear slope (b = −0.013, p

< .001) and a greater quadratic slope (b = 0.0007, p < .001), but not cortisol at awakening or

CAR. Solid line represents duration of sleep latency at −1SD; dotted line represents average

duration of sleep latency; dashed line represents duration of sleep latency at +1 SD.

(b) Lower morning restfulness was associated with lower cortisol at awakening (b = −0.187,

p = .004), a greater CAR (b = 0.124, p = .016), and a flatter linear slope (b = 0.023, p = .

042), but not quadratic slope. Solid line represents level of morning restfulness at −1SD;

dotted line represents average level of morning restfulness; dashed line represents level of

morning restfulness at +1 SD.
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Table 1

Demographic Characteristics (N = 130).

Age (yrs) Mean ± SD 55. 6 ± 9.4

Education (yrs) Mean ± SD 15.4 ± 2.8

Race n (% Yes)

    White 100 (76.9%)

    African American 17 (13.1%)

    Hispanic 7 (5.4%)

    PI/Asian 6 (4.6%)

Marital Status

    Married 93 (71.5%)

    Divorced/Separated 20 (15.4%)

    Single 17 (13.1%)

Income

    $10,000–29,000 12 (9.2%)

    $30,000–59,000 23 (17.7%)

    $60,000 and higher 95 (73.1%)

Stage of Cancer

    Stage 0 28 (21.5%)

    Stage I 73 (56.2%)

    Stage II 29 (22.3%)

Treatmenta

    Radiation therapyb 32 (24.6%)

    Time since start a (Mean ±SD) 3.1±2.5

Surgery Type

    Breast Conserving 101 (77.7%)

    Mastectomy 29 (22.3%)

Notes. a Treatment that has started before T1 assessment.

SD= standard deviation

b
Most women (n = 110) received radiation therapy as part of their cancer treatment; 25% of the women had begun their radiation treatment and on

average were 3 ± 2.5 weeks into their treatment at assessment.
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Table 2

Descriptive Data for Sleep Behaviors and Fatigue (N = 130).

Variables Mean ± SD Range

Time of awakening (hrs) 7:00 a.m. ± 1.3 4:00 a.m. – 11:50 a.m.

Latency to fall asleep (min) 20.3 ± 23 1 – 150

Quality of sleep 5.7 ± 1.9 1 – 9

Morning restfulness 2.1 ± 0.9 0 – 4

Nap (% Yes) 42 %

Nap duration (min) 18.7 ± 20.9 0 – 110

Nocturnal awakenings (% Yes) 92 %

Nocturnal awakenings duration (min) 21.5 ± 28.2 0 – 180

MFSI total score 16.4 ± 11.8 −21 – 87

PSQI total score 8.1 ± 3.6 2 – 18

Note. Sleep diary variables were averaged across 2 assessment days. SD = standard deviation.

MFSI=Multidimensional Fatigue Symptom Inventory; PSQI= Pittsburgh Sleep Quality Index.
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Table 3

Final Hierarchical Linear Model of Association between Sleep Behavior Variables, Fatigue and the Diurnal

Cortisol Rhythm (N = 130).

Fixed Effects Coefficient SE Interpretation

Cortisol Intercept (Wakeupa)

    Intercept −1.216*** 0.066 Awakening level = 0.296b

    MFSI 0.154* 0.081 14% increase per +1SD

    PSQI −0.067 0.497 ---

    Nap duration −0.184** 0.062 17% decrease per +1SD

    Nocturnal awakenings 0.088* 0.044 9% increase per +1SD

    Latency to fall asleep 0.009 0.008 ---

    Morning restfulnessc −0.187** 0.062 17% decrease per +1SD

Linear Time Slope

    Intercept −0.191*** 0.013 17% decrease per hr at wakeupd

    MFSI 0.035* 0.016 3.4% flatter

    PSQI 0.026** 0.009 2.7% flatter

    Nap duration −0.035*** 0.009 3.4% steeper

    Nocturnal awakenings −0.021 0.012 ---

    Latency to fall asleep −0.013*** 0.002 1.3% steeper

    Morning restfulness 0.023* 0.011 2.3% flatter

    Co-morbidity Index 0.004** 0.002 0.4% flatter

Quadratic Time Slope

    Intercept 0.004*** 0.0007 0.4% Increase per hr2

    MFSI 0.0009 0.0011 ---

    PSQI −0.0015 0.0011 ---

    Nap duration −0.0017** 0.0005 0.1% less curvature

    Nocturnal awakenings 0.0009 0.0009 ---

    Latency to fall asleep 0.0007** 0.0001 0.07% more curvature

    Morning restfulness 0.0005 0.0008 ---

Cortisol Awakening Response (CAR)

    Intercept 0.394*** 0.039 48% increase 30-min post wakeup

    MFSI −0.146** 0.050 13.5% decrease per +1SD

    PSQI −0.002 0.051 ---

    Nap duration 0.042* 0.021 4.3% increase per +1SD

    Nocturnal awakenings −0.029 0.043 ---

    Latency to fall asleep 0.009 0.008 ---

    Morning restfulness 0.124** 0.049 12% increase per +1SD

Notes. aTime was coded 0 at the wakeup time.
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b
Because cortisol values were natural-log transformed, the inverse of that transformation (the exponential function) was applied to return the

intercept to the original scale of measurement.

c
Higher Morning restfulness score indicates lower levels of feeling rested on the morning of saliva collection.

d
Linear time slope intercept represents instantaneous rate of change at awakening. All Level 1 predictors are uncentered; Level 2 and Level 3

predictors are either standardized or grand-mean centered. MFSI= Multidimensional Fatigue Symptom Inventory, PSQI= Pittsburgh Sleep Quality
Inventory.

***
p < .001,

**
p < .01,

*
p ≤ .05.
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