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Abstract

Sleep has been linked to the daily patterns of stress-responsive physiological systems, specifically 

the hypothalamic–pituitary–adrenal (HPA) axis and autonomic nervous system (ANS). However, 

extant research examining sleep and diurnal patterns of cortisol, the primary end product of the 

HPA axis, has primarily focused on sleep duration with limited attention on other facets of sleep. 

For example, it is not clear how specific aspects of sleep (e.g., sleep quality, sleep duration 

variability) are related to specific components of diurnal cortisol rhythms. Salivary alpha-amylase 

(sAA) has been recognized as a surrogate marker of ANS activity, but limited research has 

explored relations between sleep and sAA diurnal rhythms. The current study utilized an 

ecological momentary assessment protocol to examine within- and between-person relations 

between several facets of sleep behavior using multiple methods (e.g., subjective report, 

actigraphy) and salivary cortisol and sAA. Older adolescents (N = 76) provided saliva samples and 

diary entries five times per day over the course of three days. Sleep was assessed via 

questionnaire, through daily diaries, and monitored objectively using actigraphy over a four day 

period. Between-person results revealed that shorter average objective sleep duration and greater 

sleep duration variability were related to lower levels of waking cortisol and flatter diurnal slopes 

across the day. Within-person results revealed that on nights when individuals slept for shorter 

durations than usual they also had lower levels of waking cortisol the next day. Sleep was not 

related to the cortisol awakening response (CAR) or diurnal patterns of sAA, in either between-

person or within-person analyses. However, typical sleep behaviors measured via questionnaire 

were related to waking levels of sAA. Overall, this study provides a greater understanding of how 

multiple components of sleep, measured in naturalistic environments, are related to cortisol and 

sAA diurnal rhythms, and how day-to-day, within-person changes in sleep duration contribute to 

daily variations in cortisol.
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1. Introduction

Changes in sleep have been linked with alterations in critical stress-responsive biological 

systems (Meerlo et al., 2008 for review; Leproult and Van Cauter, 2010). The hypothalamic–

pituitary–adrenal (HPA) axis and autonomic nervous system (ANS) have evolved to guide 

adaptive responses to environmental threats, but also maintain distinct 24-h biological 

rhythms controlled by the hypothalamic suprachiasmatic nuclei (SCN), the body’s principal 

endogenous circadian pacemaker (Hastings et al., 2003). The SCN, in part, coordinates the 

diurnal rhythms of these systems, which mobilize energy resources, regulate metabolism, 

and are closely related to oscillations of the sleep-wake cycle (Reppert and Weaver, 2002). 

Both animal and human studies indicate the sleep-wake cycle and the diurnal rhythms of 

these stress-responsive biological systems are closely aligned temporally and functionally, 

such that sleep at night may be related to alterations in the patterns of these systems during 

the day (Irwin et al., 1999; Edwards et al., 2001). Thus, the current study examined whether 

sleep (e.g., sleep duration, sleep quality) moderates the diurnal patterns of cortisol and sAA. 

This is an important empirical question, as diurnal rhythms of cortisol and sAA are theorized 

to have important implications for both physical and psychological health (Gunnar and 

Vazquez, 2001; Miller et al., 2009).

Although there is a well-defined physiological link between sleep and HPA regulation, 

research examining associations between sleep duration and diurnal cortisol patterns is 

inconsistent (Elder et al., 2014). For example, some studies utilizing experimental and 

naturalistic designs have demonstrated associations between sleep duration and various 

components of the cortisol diurnal rhythm including the cortisol awakening response (CAR; 

e.g., Kumari et al., 2009; Vargas and Lopez-Duran, 2014) and the linear decline across the 

waking day (e.g., Zeiders et al., 2011; Kumari et al., 2009; Castro-Diehl et al., 2015), yet 

other studies have identified no associations between sleep duration and diurnal cortisol 

(e.g., Pruessner et al., 1997; Federenko et al., 2004). Although prior empirical studies have 

primarily focused on sleep duration, recent calls in the literature have recognized the need to 

examine other facets of sleep (Dijk, 2012; Bei et al., 2016), including sleep quality and day-

to-day fluctuations in sleep patterns (i.e., sleep variability). However, few studies have 

explicitly examined associations between sleep quality and variability and the diurnal 

patterns of cortisol. In one recent study, researchers experimentally manipulated the sleep 

schedules of a sample of young adults and found that depriving sleep resulted in higher 

morning cortisol levels, whereas sleep misalignment (i.e., wakefulness at times the SCN is 

promoting sleep and sleep at times when wakefulness is being reinforced by the SCN) 

resulted in lower morning cortisol levels (Wright et al., 2015). Other studies among shift 

workers, who routinely manipulate their sleep schedules, have shown that working later shift 

times is associated with a reduced CAR compared to individuals on regular sleep (e.g., 

Williams et al., 2005; Bostock and Steptoe, 2013). Less is known about associations 

between sleep variability and diurnal cortisol among individuals that experience normative 

fluctuations in their sleep schedules. The current study seeks to fill this gap in knowledge by 

testing the associations between several facets of sleep and diurnal cortisol, including sleep 

variability and quality.
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The circadian mechanisms responsible for controlling sleep are also directly involved in 

modulating the ANS (Leproult and Van Cauter, 2010). Sleep loss or disrupted sleep can 

activate autonomic activity, with corresponding increases in heart rate and blood pressure 

and decreases in PNS activity (Zhong et al., 2005). Such increases in ANS activation may be 

related to ANS activity following a night of shortened or disrupted sleep. For example, in a 

study examining sleep in children, lower sleep efficiency was related to higher sAA levels 

during a laboratory stress task (Raikkonen et al., 2010). It remains unclear whether sleep is 

related to diurnal patterns of ANS activity the following day. Recently, research has focused 

on the diurnal patterns of sAA, which has been identified as a surrogate marker of ANS 

activity, and a possible indicator of sympathetic nervous system activation (Nater and 

Rohleder, 2009). However, few studies have examined whether sleep is related to sAA 

diurnal patterns (for exception see Nater et al., 2007).

Although prior studies have examined sleep and diurnal rhythms of stress-responsive 

systems, there are several key limitations in the extant literature. The dynamic nature of the 

human stress response and sleep-wake cycle requires specific measures of multiple 

components of these systems to accurately examine the relations among these processes. In 

order to accurately model the diurnal rhythm of cortisol and sAA (e.g., awakening response, 

linear change across the day) it is necessary to obtain multiple samples a day and measure 

participant compliance with study protocols, including sample timing (Kudielka et al., 2003; 

Rotenberg and McGrath, 2014). Further, sleep measurement varies considerably across 

studies. Depending on the instrument used to measure sleep (e.g., polysomnography, 

actigraphy, self-report), researchers can derive a variety of sleep indices (e.g., sleep duration, 

sleep efficiency, sleep duration variability). Previous studies have primarily focused on sleep 

duration, and the influence of various components of sleep on stress-responsive diurnal 

patterns has not been explicitly examined.

Responding to recent calls in the literature to examine multiple indicators of sleep and stress 

physiology (Granger et al., 2012; Gregory and Sadeh, 2012), this study used a multi-method 

approach (assessing subjective and objective sleep measures) to test relations with multiple 

components of the diurnal rhythms of both cortisol and sAA. Further, this study tested 

between- and within-person associations by examining whether typical sleep (i.e., averaged 

across the study protocol) was associated with average diurnal cortisol and sAA patterns, as 

well as whether day-to-day changes in sleep predicted daily variation in diurnal cortisol and 

sAA. For between- and within-person analyses it was hypothesized that shorter sleep 

duration, poorer sleep quality, and greater sleep duration variability would be related to 

lower waking levels, a greater CAR, and a flatter linear decline in cortisol across the day 

(Zeiders et al., 2011; Kumari et al., 2009). Due to limited empirical research examining 

sleep and diurnal sAA patterns, no specific hypotheses were made regarding direction of 

effects due to the exploratory nature of these analyses.

2. Method

2.1. Participants

Data for the current study was drawn from the second time point of a longitudinal study 

examining adjustment during the transition from high school into college (see Doane et al., 
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2015). Seventy-six older adolescents (Mage = 18.53, SD = .37; 24% male) were assessed 

during the fall of their first semester of college. Participants were recruited through 

orientation activities for the psychology department at a large southwestern university or 

through email. Participants were required to live within 35 miles of the university and be a 

senior in a local high school during the first assessment. The sample was ethnically diverse, 

with a race/ethnic makeup of 54% Non-Hispanic White, 16% Latino/Hispanic descent, 4% 

African–American and 26% multiple race/other. Individuals came from varying 

socioeconomic backgrounds as measured by their parents’ mean levels of education, 3.7% of 

parents completed some high school, 26.8% had a high school diploma or GED, 23.2% had 

some college, 11% had an associate’s degree, 18.3% had a bachelor’s degree, and 17.1% had 

a graduate degree. Participants were excluded from these analyses if they were non-

compliant (see procedure section for full compliance description) with the saliva sampling (n 
= 6) or actigraphy protocol (n = 1).

2.2. Procedure

Adolescents who agreed to enter the study were asked to select three typical consecutive 

weekdays to participate. All materials needed for the study were brought to the participant’s 

residence directly by project staff, who explained all procedures and provided the participant 

with an email address and phone number where they could reach study personnel with 

questions. Participants signed consent forms upon delivery of project materials. Participants 

who consented to the study provided saliva samples and diary reports (five times a day) for 

three days, and wore watch-like devices (that signaled them for sampling times) for four 

nights. The watches, or actigraphs (wrist-based accelerometer), capture a record of activity 

across the day from which valid objective measures of waking, bed times, sleep duration and 

quality can be determined (Sadeh, 2011). Project personnel picked up completed study 

materials and paid participants $50 for completion of the protocol.

Study materials included three daily diaries, an actigraph, a MEMS 6 (Aardax; Aardex 

Group, Richmond, VA) track cap compliance device with 16 straws, 16 vials for saliva 

sampling, and several questionnaires. During the explanation of study procedures, 

participants were instructed to avoid eating, drinking or brushing their teeth at least 30 min 

before providing a saliva sample. Participants provided a salivary sample immediately after 

waking, 30 min later, approximately 3 and 8 h after waking, and at bedtime for 3 consecutive 

days. In conjunction with saliva samples, participants also completed diary entries 

documenting their mood, stressful events, caffeine, alcohol, medication and nicotine use, 

food intake, exercise, and sleeping behavior in the prior hour. In total, participants were 

required to fill out fifteen diary entries (M = 14.47, SD = 1.04).

2.3. Measures

2.3.1. Salivary cortisol and sAA—Cortisol and sAA were collected by passive drool 

according to recommendations for best practice (Granger et al., 2012). Participants labeled 

vials with the time and date of sampling. Completed samples were collected from each 

participant’s home where they had been refrigerated. They were then stored at −20 °C until 

sent by courier on dry ice over three days to Biochemisches Labor at the University of Trier 

(Trier, Germany) to be assayed. Precautions were consistent with recommendations for 
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handling and transporting salivary biomarkers (Granger et al., 2012). sAA samples were 

assayed in duplicate using a kinetic reaction utilizing a chromagenic substrate, 2-chloro-4-

nitrophenyl-D Maltrotriosid (CNP-G3; Winn-Deen et al., 1988; Lorentz et al., 1999). For 

sAA, the intra-assay coefficients of variation ranged from 3.5% to 6.3% and the inter-assay 

coefficients of variation ranged from 5.5% to 7.6%. sAA values were log transformed and 

outliers (>3 SD from the mean) were winsorized. Cortisol samples were assayed in duplicate 

using a solid phase time-resolved fluorescence immunoassay with fluorometric endpoint 

detection (DELFIA; Dressendörfer et al., 1992). Outlier values were winsorized (cortisol 

>1.81 μg/dl) and transformed using the natural log transformation to account for positively 

skewed distributions (Adam and Kumari, 2009). The intra-assay coefficient of variation 

ranged between 4.0% and 6.7%, and the inter-assay coefficients of variation ranged between 

7.1% and 9.0%. Multiple parameters of cortisol and sAA can be assessed by sampling across 

the day. These include waking levels, the magnitude of the awakening response (i.e., 

difference in levels between waking and 30 min after waking), and elevation and slope of the 

diurnal curve (e.g., Adam et al., 2006). In the current study, waking levels, the cortisol and 

sAA awakening response (CAR; AAR), as well as diurnal slopes were modeled to test both 

between and with-person associations (see analytic plan for further explanation).

Strict compliance parameters were used to ensure accurate modeling of cortisol and sAA 

diurnal patterns. Track caps and actigraph watches were utilized to monitor participants’ 

daily compliance, as compliance with sampling timing has been shown to influence the 

estimation for the measurement of salivary biomarkers (Kudielka et al., 2003; Rotenberg and 

McGrath, 2014). Participants were considered compliant if (1) their waking sample was 

within 15 min of their wake time, and (2) their second sample was between 23 and 37 min 

after their first sample (DeSantis et al., 2010). Individuals were excluded from the analysis if 

they failed to use track compliance devices during sampling (n = 6). See Table 1 for 

complete information regarding the full and analytic samples.

2.3.2. Subjective sleep—The Pittsburgh Sleep Quality Index (PSQI) was used to 

measure subjective sleep (Buysse et al., 1989). The PSQI is a 19-item self-report instrument 

that measures sleep quality and sleep disturbance over the past month. The PSQI includes 

seven scales: sleep quality, sleep latency, sleep duration, habitual sleep efficiency, sleep 

disturbance, use of sleep medication, and daytime dysfunction (Buysse et al., 1989). 

Participants were asked to answer questions such as, “During the past month, what time 

have you usually gone to bed at night?” to determine sleep duration. Participants also 

answered four-point Likert scale questions such as, “During the past month, how often have 

you had trouble staying awake while driving, eating meals, or engaging in social activities?” 

to assess sleep quality (i.e., daytime dysfunction). Participant responses were coded from 0 

(not during the past month) to 3 (three or more times in a week). Scores on the subscales 

were summed for an overall global score. The maximum score on the PSQI is 21 and higher 

overall scores indicate poorer sleep quality and more sleep disturbance. PSQI scores above 5 

are considered to be indicative of poor sleep quality (Buysse et al., 1989; Buysse et al., 

2008).

Van Lenten and Doane Page 5

Psychoneuroendocrinology. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.3.3. Objective sleep—For the duration of the study, participants wore an Actiwatch 
Score (Phillips Respironics, Inc.) on their non-dominant wrist. Participants pressed a button 

on the watch upon waking and when they got into bed at night. Study staff cross-checked 

actigraphy-recorded sleep periods with self-reported (i.e., daily diary) bedtime and wake 

time as an additional sleep-period compliance measure. Sleep data was scored using the 

Phillips, Actiware (version 6) program, which includes a validated algorithm to measure 

sleep (Oakley, 1997). Activity counts within each epoch were calculated based on activity 

levels during the adjacent 2 min period.1 The threshold was set to 40, with a range of 20–80. 

Utilizing 1 min epochs and based on significant movement after at least 10 min of inactivity, 

this algorithm calculates a variety of sleep parameters. The Actiwatch Score and similar 

sleep algorithms have been used in several other studies examining salivary cortisol (e.g., 

Smyth et al., 2013).

Sleep duration was calculated by subtracting the total amount of sleep measured in minutes 

from total time spent in bed. This parameter of sleep also excludes wake periods during the 

night. Average sleep duration was calculated for each person by averaging sleep duration 

across the four days sleep was measured via actigraphy. From nightly estimates of sleep 

duration, sleep duration variability was calculated by assessing the variation in sleep 

duration (i.e., standard deviation estimate from the person-level average) across four nights 

of sleep protocol. Last, sleep efficiency was estimated by assessing the percentage of time in 

bed that an individual is actually sleeping.

Objective indicators of sleep were validated with diary self-reports of bed and wake times to 

identify significant outliers and equipment malfunction. Days when there was equipment 

malfunction or days in which there was significant discordance between self-reports and 

objective measurement were not included in analyses (n = 8 days). In total, 93.4% of 

participants had actigraphy data for all 4 nights, 5.2% had data for 3 nights of sleep, and 

1.4% had 2 or fewer nights of sleep. Fewer than 3 nights of actigraphy may provide a poor 

estimation of regular sleep (Acebo et al., 1999), and, as such, participants with fewer than 

three nights of sleep data were excluded from analyses (n = 1).

2.3.4. Covariates—All analyses included person-level covariates that have been shown in 

previous research to be associated with either cortisol/sAA secretion and/or sleep (Kudielka 

and Kirschbaum, 2003; Rohleder and Nater, 2009). These included the following: gender (1 

= male, 0 = female), race/ethnicity (1 = White, 0 = non-White), parent’s average educational 

status (ranging from 1 = some high school to 6 = graduate school), and oral contraceptive 

use. In addition, several momentary covariates were tested, including caffeine use, smoking, 

eating, or exercising within an hour of each saliva sample. Non-significant covariates were 

not included in final models.

1The following algorithm was used where A denotes activity counts and E denotes epoch: A = E − 2(1/25) + E − 1(1/5) + E + E 
+ 1(1/5) + E + 2(1/25).
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3. Data analytic plan

Three-level hierarchical linear growth models were used to examine associations among 

sleep, cortisol and sAA, and to account for the nested nature of the data (Singer and Willett, 

2003). Independent variables were all centered according to recommendations by Enders 

and Tofighi (2007). Time (level-1 predictor) was centered as hours since waking on each day 

(e.g., waking = 0) in order to allow for the interpretation of the intercept as the “starting 

point” of the growth curve, which in this case is cortisol/sAA levels at time of waking. A 

dummy-coded variable (i.e., 0 or 1) was used to represent the CAR/AAR sample. Level-2 

predictors (e.g., sleep duration, sleep efficiency) were within-person centered to represent 

deviations from an individual’s average sleep across the four day sampling protocol. Finally, 

level-3 sleep parameters (e.g., average sleep duration, sleep duration variability) and 

covariates were grand-mean centered to represent deviations from an individual’s average 

score relative to the sample average.

The intercepts in all models were estimated to vary across both days and across individuals. 

All slopes were set as fixed parameters, except for the level-1 time-varying predictor time 
since waking (estimate of the diurnal slope) in cortisol models, which varied significantly 

across people and was therefore allowed to vary randomly at Level 3 in all subsequent 

cortisol models. This was determined by testing model fit using likelihood ratio tests to 

examine the fit of each model with and without the random slope term compared to the 

unconditional growth model initially estimated.2 Each model presented below was examined 

separately for outcome variables, cortisol and sAA.

Initially, a baseline model was constructed to estimate each individual’s cortisol and sAA 

diurnal rhythm. Following model 1, between-person differences were tested by examining 

how individuals’ average sleep duration, sleep duration variability and subjective sleep 

quality (PSQI score) were related to average cortisol and sAA diurnal patterns. This was 

accomplished by grand mean centering each sleep parameter and entering them as predictors 

in the model at level 3. The interaction between the sleep parameters and growth parameters 

were then tested to examine the relation between sleep and change cortisol or sAA.

To assess within-person associations, sleep duration and sleep efficiency were added in the 

model at level-2 to assess the effect of day-to-day changes in sleep duration and efficiency 

on diurnal cortisol and sAA patterns. This was done by examining the interaction between 

within-person centered sleep duration and efficiency scores and each growth parameter (i.e., 

intercept or waking, awakening response, linear slope). Below is an example of the 

estimated model predicting cortisol.

Level 1:

Level 2:

2χ2 (2) = 96.35, p < .001.
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Level 3:

4. Results

All results and sample statistics reflect the analytic sample (see Table 1). Descriptive 

statistics (means, standard deviations, percentages) and bivariate correlations were assessed 

for all variables and can be found in Table 2. On average, participants slept 6.24 (SD = .98) h 

per night and the average sleep efficiency was 83.78 (SD = 5.20). Average subjective sleep 

quality in the sample, measured via the PSQI, was 5.76 (SD = 2.73). The average person-

level variability in sleep duration was 1.06 h, which can be interpreted as a measure of sleep 

duration consistency (larger values indicate less consistency). Among independent, 

dependent and control variables there were several statistically significant bivariate 

correlations (see Table 2).

4.1. Multilevel growth models predicting diurnal cortisol and sAA

Table 3 contains results from multilevel growth models with cortisol as the dependent 

variable and Table 4 contains results with sAA as the dependent variable. Individuals, on 

average, demonstrated typical diurnal patterns of cortisol and sAA (see Fig. 1). Overall 

(Table 3, Model 1), waking levels of cortisol (γ000, intercept = −1.61, p < .001, equal to .20 

μg/dl) were consistent with prior literature (e.g., Adam et al., 2010), as were individuals’ 

cortisol awakening responses, which demonstrated a 75%3 increase (γ100 = .56, p < .001) 

3Because cortisol/sAA values have been log transformed, these values can be interpreted as percent change per unit change in 
cortisol/sAA through the calculation of β%change = (e(βraw))−1.
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within thirty minutes of waking. As expected, cortisol levels declined across the day at a rate 

of 7.0% per hour at waking (γ200 = −.07, p < .001). Further, the quadratic term included to 

model possible curvilinear effects was also negative and significant (γ300 = −.002, p < .001). 

For sAA (Table 4, Model 1), participants showed waking levels (γ000, intercept = −.97, p < .

001, equal to .38 U/ml) consistent with prior studies (e.g., Nater et al., 2007), a significant 

decline (γ100 = −.87, p < .001) within the first thirty minutes after waking, and an increase 

across the day (γ200 = .14, p < .001) at a rate of 15.8% per hour at waking. The quadratic 

term was negative and significant (γ300 = −.007, p < .001) suggesting that the linear rate of 

change per hour was reduced across the waking day.

4.2. Sleep and diurnal cortisol

Between person results (Table 3, Model 2) revealed that average sleep duration was 

positively associated with average waking levels of cortisol (γ005 = .14, p < .01), such that 

individuals who slept longer, on average, had higher waking levels of cortisol. Further, 

average sleep duration was negatively associated with the average diurnal cortisol slope 

(γ205 = −.03, p < .05), such that individuals who slept longer, on average, had a 

corresponding 2.8% steeper decline in cortisol per hour at waking. Average sleep duration 

was not significantly associated with the CAR (γ105 = −.096, ns).

Sleep duration variability was negatively associated with average waking levels of cortisol 

(γ006 = −.20, p < .001), indicating that individuals who experienced more day-to-day 

variability in sleep duration had lower waking levels of cortisol. In addition, average sleep 

duration variability was positively associated with the average diurnal cortisol slope (γ206 = .

04, p < .01), such that individuals with higher day-to-day variability in sleep durations also 

had flatter diurnal slopes, on average. This result suggests that individuals with more daily 

fluctuation in sleep duration exhibited a 4.1% flatter rate of change in cortisol per hour at 

waking. Subjective sleep quality, as measured by the PSQI, was not associated with waking 

levels of cortisol (γ007 = −.02, ns), the CAR (γ107 = −.02, ns), or the diurnal slope (γ207 = .

001, ns).

Regarding within-person associations (Table 3, Model 2), prior night sleep duration was 

positively associated with waking levels of cortisol. On days where individuals slept more 

than their typical amount, they demonstrated higher waking levels of cortisol (γ010 = .10, p 
< .05). Prior night sleep duration was not associated with the CAR (γ110 = −.08, ns) or 

diurnal slope (γ210 = −.002, ns). Prior night sleep efficiency was not associated with waking 

levels of cortisol (γ020 = .002, ns), the CAR (γ120 = −.10, ns), or the diurnal slope (γ220 = −.

001, ns).

4.3. Sleep and diurnal sAA

Similar to cortisol models, sleep parameters were entered into the model (Table 4, Model 2) 

to examine associations with diurnal sAA. Subjective sleep quality was associated with 

higher waking values of sAA (γ007 = .12, p < .01), indicating that individuals who endorsed 

worse overall sleep quality also had higher waking levels of sAA, on average. Subjective 

sleep quality was not associated with the AAR (γ107 = −.04, ns) or diurnal slope (γ207 = −.

003, ns). Average sleep duration was not associated with waking levels of sAA (γ005 = −.
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003, ns), the AAR (γ105 = −.113, ns) or diurnal slope (γ205 = .001, ns). Further, no 

statistically significant associations were found for average sleep duration variability and 

waking levels of sAA (γ006 = −.008, ns), the AAR (γ106 = .23, ns) or diurnal slope (γ206 = −.

003, ns).

There were no statistically significant associations between prior night sleep duration or 

efficiency and sAA. Sleep duration was not associated with sAA waking levels (γ010 = .112, 

ns), the AAR (γ110 = −.061, ns), or diurnal slope (γ210 = −.01, ns). Sleep efficiency was not 

associated with sAA waking levels (γ020 = −.008, ns), the AAR (γ120 = .02, ns), or diurnal 

slope (γ220 = .001, ns).

5. Discussion

The sleep-wake cycle and stress-responsive physiological system represent two bio-

regulatory processes necessary for everyday functioning. Sleep behavior is an important 

factor related to individual differences and day-to-day fluctuations of diurnal cortisol 

(Vgontzas and Chrousos, 2002; Elder et al., 2014). The primary aim of this study was to use 

multiple methods to examine both between-and within-person associations between various 

aspects of sleep (e.g., sleep duration, sleep quality, sleep duration variability) and diurnal 

patterns of cortisol. Our results support prior theoretical and empirical research that has 

found individuals who sleep longer tend to have higher waking levels and steeper diurnal 

slopes (e.g, Zeiders et al., 2011; Kumari et al., 2009). However, contrary to some prior 

research (e.g., Castro-Diehl et al., 2015; Vargas and Lopez-Duran, 2014), sleep duration and 

quality were not related to the CAR. Variability in the amount of sleep one receives from 

night to night was associated with higher waking levels and a slower rate of decline in 

cortisol across the day. Given limited empirical evaluation, a secondary aim of this study 

was to test associations between the same measures of sleep and sAA diurnal rhythms. 

Although objective sleep indicators were not associated with diurnal sAA, subjective sleep 

quality was positively associated with waking levels of sAA. In sum, our results provide 

evidence that diurnal sAA patterns are not sensitive to sleep in the short-term, but that 

diurnal cortisol rhythms vary, in part, as a function of both typical sleep durations and 

variability in sleep durations.

On average, individuals with more variable sleep durations had lower waking cortisol levels, 

and individuals with greater sleep duration had higher waking levels of cortisol. Within-

person results revealed that on nights when an individual slept more than their typical 

amount they also had higher waking cortisol levels. These differential results regarding sleep 

duration and variability may be related to the interconnection between cortisol secretion and 

the sleep-wake cycle. Cortisol levels are lowest during the first half of the sleep-wake cycle, 

when sleep is deepest (i.e., slow wave sleep). Cortisol, and its secretagogue corticotrophin 

releasing hormone (CRH), begin to rise during the later phase of sleep, which is more likely 

to include higher levels of rapid eye movement sleep (REM) sleep and less slow wave sleep 

(Buckley and Schatzberg, 2005). Given prior findings demonstrating an association between 

sleep stage and the rise in cortisol before waking (Born et al., 1986), individuals who sleep 

longer may be more likely to experience greater REM sleep and to wake with higher levels 

of cortisol by having more time to establish increases in both CRH and cortisol before 
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waking (Buckley and Schatzberg, 2005). In contrast, individuals who sleep less or who 

exhibit greater variability (i.e., less consistency) may have less time to establish an increase 

in cortisol before awakening or likely wake during an earlier phase of the cortisol rise that 

occurs prior to waking. These findings are consistent with results from other studies 

examining sleep duration and waking cortisol using both self-reports of sleep (e.g., Kumari 

et al., 2009) and objective measures (e.g., Zeiders et al., 2011).

Importantly, no associations were found between average sleep duration, sleep duration 

variability, sleep quality or day-to-day changes in sleep and the CAR. These results stand in 

contrast to recent studies that have demonstrated a link between reduced sleep duration and 

an increase in the magnitude of the CAR (e.g., Kumari et al., 2009; Vargas and Lopez-

Duran, 2014), but are consistent with other studies that have reported null findings (e.g., 

Pruessner et al., 1997). Our findings support prior theoretical work positing that the 

magnitude of the CAR, although subject to external psychosocial and environmental 

influences (Adam et al., 2006), may not necessarily be associated with length of sleep or 

time of waking (Wilhelm et al., 2007; Clow et al., 2010). That is, individuals who sleep 

longer may simply shift forward the timing of the start of the CAR (i.e., waking values), 

without necessarily affecting the magnitude of the increase. Prior studies reporting relations 

between sleep duration and the CAR have not used electronic compliance devices (e.g., 

Kumari et al., 2009; Vargas and Lopez-Duran, 2014) to ensure accuracy in the timing of 

samples needed to model the awakening response, which can skew results (Kudielka et al., 

2003; Smyth et al., 2013). Further, in studies that do not use strict compliance protocols, it 

may be that poor sleep leads to worse morning compliance needed to accurately measure the 

CAR. The length of ones’ sleep may not influence the dynamic increase in cortisol often 

seen post-awakening, but instead is potentially shifting forward the timing of the start of the 

response (Clow et al., 2010; Wilhelm et al., 2007). Contrary to what was expected, sleep 

quality and sleep duration variability were not related to the CAR. However, it may be that 

there was not sufficient sleep duration variability or poor quality sleep in the current sample 

to influence a change in the CAR. More extreme levels of sleep duration variability (e.g., 

shift workers) and poor sleep (e.g., sleep apnea, insomnia) may be necessary to influence 

consistent changes in the CAR. Further, given our small sample size we may have been 

under powered to detect these associations.

Between-person results revealed that individuals who slept longer tended to exhibit steeper 

cortisol slopes (i.e., greater rate of decline per hour estimated at waking), whereas those who 

had greater variability in sleep duration tended to exhibit flatter cortisol slopes (i.e., less rate 

of decline per hour estimated at waking). Sleep quality was not related to cortisol slopes 

across the waking day. Within-person results also revealed that prior-night sleep duration 

and quality were not related to the diurnal cortisol slope. That is, individual changes in sleep 

duration and quality were not associated with the diurnal cortisol slope. It could be that four 

days of sleep may not be sufficient to detect significant within-person variability (Ross et al., 

2014). Future studies should aim to examine within-person associations using more days of 

sleep measurement.

Regarding between-person findings, results are partially in line with prior studies that have 

demonstrated flatter cortisol slopes in individuals with shortened sleep durations (Zeiders et 
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al., 2011; Kumari et al., 2009). Flattened diurnal profiles are theorized to be indicators of 

dysregulation in the HPA axis (Stone et al., 2001). The current findings suggest that 

individuals who typically sleep longer may demonstrate more adaptive diurnal patterns of 

cortisol, whereas individuals who exhibit greater fluctuations in their sleep durations 

demonstrate an inability to reduce cortisol levels across the day resulting in a flattening of 

the diurnal slope. Shortened sleep or high levels of sleep duration variability may be acting 

as a stressor influencing cortisol output or may be representative of higher levels of stress 

influencing sleep behavior. This is consistent with prior studies that have demonstrated 

changes to 24-h patterns of cortisol in shift workers who naturally vary sleep schedules and 

sleep durations, as well as with studies that have experimentally manipulated sleep schedules 

(Rehman et al., 2010).

Both day-to-day changes and average sleep duration were not related to sAA diurnal 

rhythms, suggesting sleep duration and sleep duration variability, at least in the short term, 

had little or no association with daily patterns of sAA in this sample. These findings are 

consistent with past research that demonstrated no association between sleep duration and 

diurnal sAA among similar populations (e.g., Nater et al., 2007). Results did reveal that 

individuals who endorsed worse global sleep quality on a subjective report had higher 

waking levels of sAA, on average. It may be that the PSQI, which assesses sleep behaviors 

over the previous month, is capturing more chronic sleep problems not detected by four 

nights of actigraphy. For these individuals, worse sleep quality may be an indicator of more 

restless sleep or a greater amount of night awakenings, which could result in more active 

ANS activity throughout the night and upon awakening in the morning (Zhong et al., 2005). 

Given the lack of empirical examination of sleep and sAA, we speculate that greater changes 

in sleep behaviors (e.g., chronic sleep deprivation, insomnia) over greater periods of time 

(e.g., weeks, months) may be required to change diurnal patterns of sAA, given the relative 

stability of sAA diurnal patterns (Out et al., 2013).

The findings from this study have several implications. First, this study provides a greater 

understanding of the relations between multiple components of sleep and multiple indicators 

of diurnal stress physiology. The majority of the literature examining sleep and stress 

physiology has focused primarily on cortisol. However, investigators in the field have 

highlighted the need to go beyond a single system approach that only focuses on the HPA 

axis (e.g., Granger, 2012). Further, contemporary psychophysiological theorists have 

acknowledged that measuring, modeling and interpreting multiple stress-systems (e.g., HPA 

axis and ANS) is essential to advancing current knowledge in the field and accounting for 

individual differences in psychological adaptation across the lifespan (Bauer et al., 2002). 

Next, although there are studies that have examined both sleep duration and sleep quality, 

this is the first study to test relations between variability in sleep durations and diurnal 

patterns of cortisol and sAA. This study also utilized a multi-method approach to measuring 

sleep, allowing for delineation between relations of both subjective and objective measures. 

Third, electronic monitoring devices were used to ensure compliance with morning saliva 

sampling procedures and to reduce bias in estimating the waking and awakening response. 

Fourth, by testing both within- and between-person associations this study was able to 

examine whether typical sleep is related to diurnal cortisol and sAA at the aggregate level, 

but also if day-to-day changes in sleep are associated with day-to-day changes in diurnal 
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stress physiology. Last, this study provides evidence in support of theoretical work 

hypothesizing that the CAR may be independent of diurnal variations in HPA axis activity 

and sleep behaviors, and instead represents the response to awakening (Clow et al., 2010). 

Although the CAR may be sensitive to external inputs (e.g., sleep timing), including 

psychological and environmental experiences, we did not find any evidence that the CAR 

was associated with sleep behavior.

This study was not without limitations. First, future studies should aim to replicate these 

results with a larger, more heterogeneous sample. For example, the average score on the 

PSQI in this sample is greater than 5 suggesting that more than half of our sample 

experienced significant sleep disturbances. While increased sleep disturbances may be 

typical for college-going youth (e.g., Lund et al., 2010), these sleep patterns may not be 

representative of the general adult population. Further, the small sample size may have 

limited our ability to detect some of the tested associations, particularly for analysis 

examining between-person effects. For example, there was a non-significant association 

between sleep duration variability and the CAR/AAR, but we may have been limited by a 

small sample size to detect these effects. Future studies should examine associations 

between sleep variability and the awakening responses of cortisol and sAA in larger samples 

and over a greater number of days. Indeed, although this study had multiple nights of sleep 

and salivary collection, measuring only four nights of sleep may have obscured findings due 

to limited within-person variability in sleep behaviors. Future studies should collect more 

nights of sleep to further examine within-person changes in sleep and associations with 

stress physiology. Last, sleep was only examined during weekdays making comparisons to 

weekend sleep behaviors not possible. Sleep behavior may be even more variable and 

disrupted on weekends (e.g., social jetlag), particularly in this population. However, despite 

only collecting sleep during a more stable time (e.g., during the week), results still revealed 

significant associations.

Despite the noted limitations, this study provides further evidence of relations between 

typical durations and patterns of sleep, measured using multiple methods, and cortisol and 

sAA diurnal rhythms. Further, this study is one of the few to examine associations between 

day-to-day changes in sleep and variations in cortisol and sAA. Our study is also one of the 

first to test relations between sleep and sAA diurnal patterns, which represents an advance in 

understanding relations between sleep and the diurnal pattern of the ANS, an important 

component of the physiological stress response. Although prior research has identified a link 

between sleep and the HPA axis, this study takes an important first step in determining if 

sleep is related to the diurnal patterns of the ANS. We did not find evidence for a link 

between objective measures of sleep and sAA in the current study, but future studies should 

test these relations in larger samples. Overall, our findings support prior theoretical and 

empirical research examining relations between sleep duration and diurnal patterns of 

cortisol, including associations with waking levels of cortisol and the diurnal slope. 

However, contrary to some prior research, sleep was not related to the CAR. The current 

study also demonstrated that variability in the amount of sleep one receives may have 

important implications for daily functioning of the HPA axis. In conclusion, this study 

provides evidence that sleep behaviors, specifically fluctuations in sleep durations, could 

have implications for bio-regulatory mechanisms important for responding to stress.

Van Lenten and Doane Page 13

Psychoneuroendocrinology. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgments

Role of funding sources

This research was conducted with the support of the Institute for Social Science Research at Arizona State 
University (L.D.D., Principal Investigator), NICHD R01HD079520 (L.D.D., Principal Investigator, and a William 
T. Grant Foundation Scholars Award (L.D.D., Principal Investigator). These granting agencies had no further role in 
the study design, data collection, analysis and interpretation of the data, in the writing of the manuscript or the 
decision to submit the article for publication.

The authors would like to thank the participants of the ASU Transition to College Study for the time and effort they 
contributed to this research. We would also like to thank Douglas A. Granger, Frank J. Infurna and Michael R. 
Sladek for comments on earlier drafts of this manuscript. This research was conducted with the support of the 
Institute for Social Science Research at Arizona State University (L.D.D., Principal Investigator), Eunice Kennedy 
Shriver National Institute Of Child Health & Human Development of the National Institutes of Health under Award 
Number R01HD079520, and a William T. Grant Foundation Scholars Award (L.D.D., Principal Investigator).

References

Adam EK, Hawkley LC, Kudielka BM, Cacioppo JT. Day-to-day dynamics of experience—cortisol 
associations in a population-based sample of older adults. Proc Natl Acad Sci U S A. 2006; 
103:17058–17063. [PubMed: 17075058] 

Adam EK, Kumari M. Assessing salivary cortisol in large-scale, epidemiological research. 
Psychoneuroendocrinology. 2009; 34(10):1423–1436. [PubMed: 19647372] 

Adam EK, Doane LD, Zinbarg RE, Mineka S, Craske MG, Griffith JW. Prospective prediction of 
major depressive disorder from cortisol awakening responses in adolescence. 
Psychoneuroendocrinology. 2010; 35(6):921–931. [PubMed: 20079576] 

Acebo C, Sadeh A, Seifer R, Tzischinsky O, Wolfson AR, Hafer A, Carskadon MA. Estimating sleep 
patterns with activity monitoring in children and adolescents: how many nights are necessary for 
reliable measures? Sleep. 1999; 22(1):95–103. [PubMed: 9989370] 

Bauer AM, Quas JA, Boyce WT. Associations between physiological reactivity and children’s 
behavior: advantages of a multisystem approach. J Dev Behav Pediatr. 2002; 23(2):102–113. 
[PubMed: 11943973] 

Bei B, Wiley JF, Trinder J, Manber R. Beyond the mean: a systematic review on the correlates of daily 
intraindividual variability of sleep/wake patterns. Sleep Med Rev. 2016; 28:104–120. [PubMed: 
26588182] 

Born J, Kern W, Bieber K, Fehm-Wolfsdorf G, Schiebe M, Fehm HL. Night-time plasma cortisol 
secretion is associated with specific sleep stages. Biol Psychiatry. 1986; 21(14):1415–1424. 
[PubMed: 3790626] 

Bostock S, Steptoe A. Influences of early shift work on the diurnal cortisol rhythm, mood and sleep: 
within-subject variation in male airline pilots. Psychoneuroendocrinology. 2013; 38(4):533–541. 
[PubMed: 22877997] 

Buckley TM, Schatzberg AF. On the interactions of the hypothalamic–pituitary–adrenal (HPA) axis 
and sleep: normal HPA axis activity and circadian rhythm, exemplary sleep disorders. J Clin 
Endocrinol Metab. 2005; 90(5):3106–3114. [PubMed: 15728214] 

Buysse DJ, Hall ML, Strollo PJ, Kamarck TW, Owens J, Lee L, Matthews KA. Relationships between 
the Pittsburgh Sleep Quality Index (PSQI), Epworth Sleepiness Scale (ESS), and clinical/
polysomnographic measures in a community sample. J Clin Sleep Med. 2008; 4(6):563. [PubMed: 
19110886] 

Buysse DJ, Reynolds CF, Monk TH, Berman SR, Kupfer DJ. The Pittsburgh sleep quality index: a new 
instrument for psychiatric practice and research. Psychiatry. 1989; 28(2):193–213.

Castro-Diehl C, Diez Roux AV, Redline S, Seeman T, Shrager SE, Shea S. Association of sleep 
duration and quality with alterations in the hypothalamic–pituitary adrenocortical axis: the multi-
ethnic study of atherosclerosis (MESA). J Endocrinol Metab. 2015; 100(8):3149–3158.

Clow A, Hucklebridge F, Stalder T, Evans P, Thorn L. The cortisol awakening response: more than a 
measure of HPA axis function. Neurosci Biobehav Rev. 2010; 35(1):97–103. [PubMed: 20026350] 

Van Lenten and Doane Page 14

Psychoneuroendocrinology. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Dijk DJ. Sleep and health: beyond sleep duration and sleepiness? J Sleep Res. 2012; 21(4):355–356. 
[PubMed: 22774877] 

DeSantis AS, Adam EK, Mendelsohn KA, Doane LD. Concordance between self-reported and 
objective wakeup times in ambulatory salivary cortisol research. Int J Behav Dev. 2010; 17(1):74–
78.

Doane LD, Chen FR, Sladek MR, Van Lenten SA, Granger DA. Latent trait cortisol (LTC) levels: 
reliability, validity, and stability. Psychoneuroendocrinology. 2015; 55:21–35. [PubMed: 
25705799] 

Dressendörfer RA, Kirschbaum C, Rohde W, Stahl F, Strasburger CJ. Synthesis of a cortisol-biotin 
conjugate and evaluation as a tracer in an immunoassay for salivary cortisol measurement. J 
Steroid Biochem Mol Biol. 1992; 43(7):683–692. [PubMed: 1472460] 

Edwards S, Evans P, Hucklebridge F, Clow A. Association between time of awakening and diurnal 
cortisol secretory activity. Psychoneuroendocrinology. 2001; 26(6):613–622. [PubMed: 11403981] 

Elder GJ, Wetherell MA, Barclay NL, Ellis JG. The cortisol awakening response—applications and 
implications for sleep medicine. Sleep Med Rev. 2014; 18(3):215–224. [PubMed: 23835138] 

Enders CK, Tofighi D. Centering predictor variables in cross-sectional multilevel models: a new look 
at an old issue. Psychol Methods. 2007; 12(2):121. [PubMed: 17563168] 

Federenko I, Wüst S, Hellhammer DH, Dechoux R, Kumsta R, Kirschbaum C. Free cortisol awakening 
responses are influenced by awakening time. Psychoneuroendocrinology. 2004; 29(2):174–184. 
[PubMed: 14604599] 

Granger DA, Fortunato CK, Beltzer EK, Virag M, Bright MA, Out D. Focus on methodology: salivary 
bioscience and research on adolescence: an integrated perspective. J Adolesc. 2012; 35(4):1081–
1095. [PubMed: 22401843] 

Gregory AM, Sadeh A. Sleep, emotional and behavioral difficulties in children and adolescents. Sleep 
Med Rev. 2012; 16(2):129–136. [PubMed: 21676633] 

Gunnar MR, Vazquez DM. Low cortisol and a flattening of expected daytime rhythm: potential indices 
of risk in human development. Dev Psychopathol. 2001; 13(03):515–538. [PubMed: 11523846] 

Hastings MH, Reddy AB, Maywood ES. A clockwork web: circadian timing in brain and periphery, in 
health and disease. Nat Rev Neurosci. 2003; 4(8):649–661. [PubMed: 12894240] 

Irwin M, Thompson J, Miller C, Gillin JC, Ziegler M. Effects of sleep and sleep deprivation on 
catecholamine and interleukin-2 levels in humans: clinical implications 1. J Clin Endocrinol 
Metab. 1999; 84(6):1979–1985. [PubMed: 10372697] 

Kumari M, Badrick E, Ferrie J, Perski A, Marmot M, Chandola T. Self-reported sleep duration and 
sleep disturbance are independently associated with cortisol secretion in the Whitehall II study. J 
Endocrinol Metab. 2009; 94(12):4801–4809.

Kudielka BM, Broderick JE, Kirschbaum C. Compliance with saliva sampling protocols: electronic 
monitoring reveals invalid cortisol daytime profiles in noncompliant subjects. Psychosom Med. 
2003; 65(2):313–319. [PubMed: 12652000] 

Kudielka BM, Kirschbaum C. Awakening cortisol responses are influenced by health status and 
awakening time but not by menstrual cycle phase. Psychoneuroendocrinology. 2003; 28(1):35–47. 
[PubMed: 12445835] 

Leproult R, Van Cauter E. Role of sleep and sleep loss in hormonal release and metabolism. Endocr 
Dev. 2010; 17:11–21. [PubMed: 19955752] 

Lorentz K, Gütschow B, Renner F. Evaluation of a direct α-amylase assay using 2-chloro-4-
nitrophenyl-α-D-maltotrioside. Clin Chem Lab Med. 1999; 37(11–12):1053–1062. [PubMed: 
10726812] 

Lund HG, Reider BD, Whiting AB, Prichard JR. Sleep patterns and predictors of disturbed sleep in a 
large population of college students. J Adolesc Health. 2010; 46(2):124–132. [PubMed: 20113918] 

Meerlo P, Sgoifo A, Suchecki D. Restricted and disrupted sleep: effects on autonomic function, 
neuroendocrine stress systems and stress responsivity. Sleep Med Rev. 2008; 12(3):197–210. 
[PubMed: 18222099] 

Miller GE, Chen E, Fok AK, Walker H, Lim A, Nicholls EF, Kobor MS. Low early-life social class 
leaves a biological residue manifested by decreased glucocorticoid and increased proinflammatory 
signaling. Proc Natl Acad Sci U S A. 2009; 106(34):14716–14721. [PubMed: 19617551] 

Van Lenten and Doane Page 15

Psychoneuroendocrinology. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Nater UM, Rohleder N, Schlotz W, Ehlert U, Kirschbaum C. Determinants of the diurnal course of 
salivary alpha-amylase. Psychoneuroendocrinology. 2007; 32(4):392–401. [PubMed: 17418498] 

Nater UM, Rohleder N. Salivary alpha-amylase as a non-invasive biomarker for the sympathetic 
nervous system: current state of research. Psychoneuroendocrinology. 2009; 34(4):486–496. 
[PubMed: 19249160] 

Oakley NR. Validation with Polysomnography of the Sleepwatch Sleep/wake Scoring Algorithm Used 
by the Actiwatch Activity Monitoring System. Bend: Mini Mitter, Cambridge Neurotechnology. 
1997

Out D, Granger DA, Sephton SE, Segerstrom SC. Disentangling sources of individual differences in 
diurnal salivary α-amylase: reliability, stability and sensitivity to context. 
Psychoneuroendocrinology. 2013; 38(3):367–375. [PubMed: 22819683] 

Pruessner JC, Wolf OT, Hellhammer DH, Buske-Kirschbaum A, Von Auer K, Jobst S, Kirschbaum C. 
Free cortisol levels after awakening: a reliable biological marker for the assessment of 
adrenocortical activity. Life Sci. 1997; 61(26):2539–2549. [PubMed: 9416776] 

Raikkonen K, Matthews KA, Pesonen AK, Pyhala R, Paavonen EJ, Feldt K, Lahti J. Poor sleep and 
altered hypothalamic-pituitary-adrenocortical and sympatho-adrenal-medullary system activity in 
children. J Endocrinol Metab. 2010; 95(5):2254–2261.

Rehman JU, Brismar K, Holmbäck U, Åkerstedt T, Axelsson J. Sleeping during the day: effects on the 
24-h patterns of IGF-binding protein 1, insulin, glucose, cortisol, and growth hormone. Eur J 
Endocrinol. 2010; 163(3):383–390. [PubMed: 20587581] 

Reppert SM, Weaver DR. Coordination of circadian timing in mammals. Nature. 2002; 418(6901):
935–941. [PubMed: 12198538] 

Rohleder N, Nater UM. Determinants of salivary α-amylase in humans and methodological 
considerations. Psychoneuroendocrinology. 2009; 34(4):469–485. [PubMed: 19155141] 

Ross KM, Murphy ML, Adam EK, Chen E, Miller GE. How stable are diurnal cortisol activity indices 
in healthy individuals? Evidence from three multi-wave studies. Psychoneuroendocrinology. 2014; 
39:184–193. [PubMed: 24119668] 

Rotenberg S, McGrath JJ. Sampling compliance for cortisol upon awakening in children and 
adolescents. Psychoneuroendocrinology. 2014; 40:69–75. [PubMed: 24485477] 

Sadeh A. The role and validity of actigraphy in sleep medicine: an update. Sleep Med Rev. 2011; 
15(4):259–267. [PubMed: 21237680] 

Singer, JD.; Willett, JB. Applied Longitudinal Data Analysis: Modeling Change and Event 
Occurrence. Oxford university press; 2003. 

Smyth N, Clow A, Thorn L, Hucklebridge F, Evans P. Delays of 5–15 min between awakening and the 
start of saliva sampling matter in assessment of the cortisol awakening response. 
Psychoneuroendocrinology. 2013; 38(9):1476–1483. [PubMed: 23312064] 

Stone AA, Schwartz JE, Smyth J, Kirschbaum C, Cohen S, Hellhammer D, Grossman S. Individual 
differences in the diurnal cycle of salivary free cortisol: a replication of flattened cycles for some 
individuals. Psychoneuroendocrinology. 2001; 26(3):295–306. [PubMed: 11166492] 

Vargas I, Lopez-Duran N. Dissecting the impact of sleep and stress on the cortisol awakening response 
in young adults. Psychoneuroendocrinology. 2014; 40:10–16. [PubMed: 24485471] 

Vgontzas AN, Chrousos GP. Sleep, the hypothalamic–pituitary–adrenal axis, and cytokines: multiple 
interactions and disturbances in sleep disorders. Endocrinol Metab Clin North Am. 2002; 31(1):
15–36. [PubMed: 12055986] 

Wilhelm I, Born J, Kudielka BM, Schlotz W, Wüst S. Is the cortisol awakening rise a response to 
awakening? Psychoneuroendocrinology. 2007; 32(4):358–366. [PubMed: 17408865] 

Williams E, Magid K, Steptoe A. The impact of time of waking and concurrent subjective stress on the 
cortisol response to awakening. Psychoneuroendocrinology. 2005; 30(2):139–148. [PubMed: 
15471612] 

Winn-Deen ES, David H, Sigler G, Chavez R. Development of a direct assay for alpha-amylase. Clin 
Chem. 1988; 34(10):2005–2008. [PubMed: 3262455] 

Wright KP, Drake AL, Frey DJ, Fleshner M, Desouza CA, Gronfier C, Czeisler CA. Influence of sleep 
deprivation and circadian misalignment on cortisol, inflammatory markers, and cytokine balance. 
Brain Behav Immun. 2015; 47:24–34. [PubMed: 25640603] 

Van Lenten and Doane Page 16

Psychoneuroendocrinology. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Zeiders KH, Doane LD, Adam EK. Reciprocal relations between objectively measured sleep patterns 
and diurnal cortisol rhythms in late adolescence. J Adolesc Health. 2011; 48(6):566–571. 
[PubMed: 21575815] 

Zhong X, Hilton HJ, Gates GJ, Jelic S, Stern Y, Bartels MN, Basner RC. Increased sympathetic and 
decreased parasympathetic cardiovascular modulation in normal humans with acute sleep 
deprivation. J Appl Physiol. 2005; 98(6):2024–2032. [PubMed: 15718408] 

Van Lenten and Doane Page 17

Psychoneuroendocrinology. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Average salivary cortisol and alpha-amylase rhythms across the waking day. Values are 

aggregated across days (n = 295) and individuals (n = 69). The cortisol and sAA values 

represent the average level at the following time points across the day: waking, +30 min 

after waking, approximately 3 and 8 h after waking, and immediately before bedtime.
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Table 1

Full and analytic samples.

Full sample Analytic sample

Level-1 (moments) 1106 958

Salivary cortisol 950

Salivary alpha-amylase 893

Level-2 (days) 295 205

Sleep duration 205

Sleep efficiency 205

Level-3 (individuals) 76 69

Notes: Individuals, day, and/or moments were excluded from analyses based on compliance and/or insufficient saliva.
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Table 3

Multilevel model regression estimates predicting cortisol.

Salivary cortisol

Model 1 Model 2

Coefficient SE Coefficient SE

Intercept: waking levels, γ000 .199*** .077 .197*** .681

Male, γ001 .084 .147

White, γ002 .049 .119

Parent education, γ003 .002 .034

Oral contraceptive use, γ004 .014 .133

Level 2: prior night sleep duration, γ010 .102** .042

Level 2: prior night sleep efficiency, γ020 .002 .008

Level 3: average sleep duration, γ005 .141** .045

Level 3: sleep duration variability, γ006 −.199** .138

Level 3: sleep quality (PSQI), γ007 −.021 .024

Awakening response (CAR), γ100 .557*** .057 .573*** .055

Male, γ101 −.001 .169

White, γ102 −.111 .138

Parent education, γ103 −.023 .039

Oral contraceptive use, γ104 −.155 .131

Level 2: prior night sleep duration, γ110 −.078 .046

Level 2: prior night sleep efficiency, γ120 −.096 .069

Level 3: average sleep duration, γ105 −.096 .066

Level 3: sleep duration variability, γ106 .128 .117

Level 3: sleep quality (PSQI), γ107 −.017 .019

Time since waking: slope, γ200 −.068*** .015 −.061*** .015

Male, γ201 .002 .011

White, γ202 −.001 .011

Parent education, γ203 .001 .003

Oral contraceptive use, γ204 .032* .015

Level 2: prior night sleep duration, γ210 −.002 .004

Level 2: prior night sleep efficiency, γ220 −.001 .001

Level 3: average sleep duration, γ205 −.028*** .005

Level 3: sleep duration variability, γ206 .038** .010

Level 3: sleep quality (PSQI), γ207 .001 .002

Time since waking squared, γ300 −.002** .001 −.002*** .001

Within-person pseudo R2 – .07

Slope variance, time since waking – .35

Psychoneuroendocrinology. Author manuscript; available in PMC 2017 June 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Van Lenten and Doane Page 23

Salivary cortisol

Model 1 Model 2

Coefficient SE Coefficient SE

Between-person pseudo R2 – .06

Notes: N = 69; individuals, days and moments were excluded from analyses based on compliance issues (see Table 1).

All fixed effects are with robust standard errors.

*
p < . 05,

**
p < . 01,

***
p < . 001.

All cortisol levels reflect log10 ug/dl.

PSQI—Pittsburgh Sleep Quality Index.
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Table 4

Multilevel model regression estimates predicting alpha-amylase.

Salivary alpha-amylase

Model 1 Model 2

Coefficient SE Coefficient SE

Intercept: waking levels, γ000 .379*** .141 .386*** .139

 Male, γ001 −.066 .351

 White, γ002 −.025 .249

 Parent education, γ003 .002 .086

 Oral contraceptive use, γ004 .425 .238

Level 2: prior night sleep duration, γ010 .112 .082

Level 2: prior night sleep efficiency, γ020 −.008 .016

Level 3: average sleep duration, γ005 −.003 .130

Level 3: sleep duration variability, γ006 −.008 .189

Level 3: sleep quality (PSQI), γ007 .122** .037

Awakening response, γ100 −.874** .113 −.864*** .113

 Male, γ101 .239 .288

 White, γ102 −.180 .207

 Parent education, γ103 .096 .071

 Oral contraceptive use, γ104 −.224 .231

Level 2: prior night sleep duration, γ110 −.061 .095

Level 2: prior night sleep efficiency, γ120 .016 .013

Level 3: average sleep duration, γ105 −.113 .109

Level 3: sleep duration variability, γ106 .234 .200

Level 3: sleep quality (PSQI), γ107 −.045 .036

Time since waking: slope, γ200 .138*** .031 .144*** .031

 Male, γ201 .025 ,017

 White, γ202 −.024 .013

 Parent education, γ203 −.001 .004

 Oral contraceptive use, γ204 −.004 .014

Level 2: prior night sleep duration, γ210 −.010 .008

Level 2: prior night sleep efficiency, γ220 .001 .001

Level 3: average sleep duration, γ205 .001 .001

Level 3: sleep duration variability, γ206 −.003 .013

Level 3: sleep quality (PSQI), γ207 −.003 .002

Time since waking squared, γ300 −.007*** .001 −.007** .001

Within-person pseudo R2 – .06

Between-person pseudo R2 – .04

Notes: N = 69; individuals, days and moments were excluded from analyses based on compliance issues (Table 1).

Psychoneuroendocrinology. Author manuscript; available in PMC 2017 June 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Van Lenten and Doane Page 25

All fixed effects are with robust standard errors.

*
p < .05,

**
p < .01,

***
p < .001.

sAA levels reflect log10 U/mL.

PSQI—Pittsburgh Sleep Quality Index.
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