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Summary Diurnal cortisol is a marker of HPA-axis activity that may be one of the biological
mechanisms linking stressors to age-related health declines. The current study identified day-
centered profiles of diurnal cortisol among 1101 adults living in the United States. Participants took
part in up to four consecutive days of salivary cortisol collection, assessed at waking, 30 min post-
waking, before lunch, and before bedtime. Growth mixture modeling with latent time basis was used
to estimate common within-day trajectories of diurnal cortisol among 2894 cortisol days. The 3-class
solution provided the best model fit, showing that the majority of study days (73%) were character-
ized by a Normative cortisol pattern, with a robust cortisol awakening response (CAR), a steep
negative diurnal slope, coupled with low awakening and bedtime levels. Relative to this profile,
diurnal cortisol on the remainder of days appeared either elevated throughout the day (20% of days)
or flattened (7% of days). Relative to the normative trajectory, the elevated trajectory was
distinguished by a higher morning cortisol level, whereas the flattened trajectory was characterized
by a high bedtime level, with weaker CAR and diurnal slope parameters. Relative to the normative
profile, elevated profile membership was associated with older age and cigarette smoking. Greater
likelihood of the flattened cortisol pattern was observed among participants who were older, male,
smoked cigarettes, used medications that are known to affect cortisol output, and reported poorer
health. The current study demonstrates the value of a day-centered growth mixture modeling
approach to the study of diurnal cortisol, showing that deviations from the classic robust rhythm of
diurnal cortisol are associated with older age, male sex, use of medications previously shown to
affect cortisol levels, poorer health behaviors, and poorer self-reported health.
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1. Introduction

Cortisol is an integral component of the hypothalamic—
pituitary—adrenal (HPA) axis, as it is one of the primary
hormones to activate the body’s response to stress and
mobilize energy stores (Chrousos and Gold, 1992).
The classic diurnal pattern previously described in the lit-
erature is characterized by a marked cortisol awakening
response (CAR) approximately 30—45 min after awakening
in the morning, followed by a gradual drop (i.e., diurnal
slope) throughout the rest of the waking hours. Although this
diurnal waveform is moderately predetermined by heredity
(Bartels et al., 2003), and is partially preprogrammed by the
body’s central biological clock (Van Cauter et al., 1996), it is
also dynamic in its response to many chronic and episodic
behaviors and environments (Dickerson and Kemeny, 2004).
Unlike the stress-responsive increases in cortisol, the CAR
appears to be a distinct component of diurnal cortisol,
primarily regulated by a preprogrammed endogenous circa-
dian pacemaker (for reviews, see Van Cauter and Buxton,
2001; Fries et al., 2009; Clow et al., 2010a,b). The CAR may
mobilize the body’s energy reserves in light of awakening in
the morning (Pruessner et al., 1997b), switch the immune
system to daytime activity (Hucklebridge et al., 1999), and
orient the self in time and space, and promote anticipation
of the upcoming day’s events (Fries et al., 2009). The degree
of subsequent decline of cortisol throughout the day, or the
cortisol diurnal slope, may indicate an intact HPA-axis nega-
tive feedback loop, and has been hypothesized to represent
an ability to recover and disengage from stressful events at
the end of the day (Heim et al., 2000; Miller et al., 2007).

Although the precise physiological functions of diurnal
cortisol are still unclear (e.g., Fries et al., 2009), a dysre-
gulation in the diurnal rhythm has been associated with a
number of health conditions, and may be an important
marker of physiological activation that may be linked with
individual differences in health among adults (Miller et al.,
2007; Epel, 2009). For example, both relatively high and
relatively low cortisol levels have been linked to a number of
outcomes, and have been posited as dysregulated total out-
put, as was elegantly stated in the classic work by Sapolsky
and colleagues (1986, p. 285):

[. . .] both an absence of and an overabundance of gluco-
corticoids during stress have profound, if contrasting,
pathophysiological consequences, and an inability to
appropriately terminate glucocorticoid secretion at the
end of a stressor can ultimately be as damaging as the
inability to appropriately initiate secretion at the onset
of a stressor.

Other studies have shown that in addition to total cortisol
output, a disruption in the dynamic quality of cortisol across
the day is also crucial to understanding the relation between
health and diurnal cortisol. Much of the diurnal cortisol
research shows that poorer outcomes are linked with a
flattened or blunted profile; however, the great variability
in operationalization of the flattened rhythm across different
studies gives rise to a complex set of results. Flatter diurnal
patterns that are characterized by either low or high overall
cortisol output have both been linked to poorer outcomes (for
review, see Heim et al., 2000). The hyperactive, but flat
diurnal profile — typically distinguished by a high awakening
level that remains relatively high throughout the rest of the
day — has been associated with cigarette smoking (Steptoe
and Ussher, 2006), older age (Van Cauter et al., 1996;
Deuschle et al., 1997), and current stressor exposure (Miller
et al., 2007). A hypoactive blunted diurnal profile — char-
acterized by a relatively low waking level that is followed by
a less negative diurnal slope throughout the day, and results
in a relatively high bedtime level — has been linked with
being male (Pruessner et al., 1997a; Wust et al., 2000), PTSD
diagnosis among Holocaust survivors (Yehuda et al., 2005),
chronic fatigue symptoms (Bower et al., 2005), and an
increased time following cessation of an acute stressor (Miller
et al., 2007).

Whereas a large body of previously published studies have
examined individual aspects of diurnal cortisol, there has
been relatively little enquiry into simultaneous modeling of
the entire cortisol rhythm within a day (cf. Adam et al.,
2006). Moreover, relatively few studies have conducted a
formal investigation into heterogeneity of the diurnal rhythm
by identifying commonly observed cortisol profiles (cf. Lasi-
kiewicz et al., 2008; Van Ryzin et al., 2009; Kumari et al.,
2010). The primary aim of the current study was to identify
typical day-centered profiles of diurnal cortisol among a large
heterogeneous sample of participants living in the United
States. We used growth mixture modeling (GMM) in order to
identify latent groups of days based on distinct patterns of
cortisol change over the day among a national sample of 1101
adults, who provided a total of 2894 days of salivary cortisol
data. Finally, we examined the role of several demographic-,
health- and stress-related predictors of cortisol profile mem-
bership.

2. Methods

2.1. Participants and procedure

The participants were from the second wave of The National
Study of Daily Experiences (NSDE II), which is the daily diary
satellite study of the larger National Survey of Midlife Devel-
opment in the United States (MIDUS II) — a survey of non-
institutionalized, English-speaking adults. A comprehensive
description of NSDE methodology has been previously
reported (Almeida et al., 2002). Briefly, NSDE II respondents
(N = 2022) completed eight consecutive evening telephone
interviews regarding their experiences during the previous
24 h, including questions on daily stressors, positive events,
sleep duration, daily health symptoms, psychological dis-
tress, and time use. The interviews were conducted by
trained interviewers from the Pennsylvania State University’s
Survey Research Center using a computer-aided telephone
interview system (CATI). All respondents provided informed
consent, and were compensated with $25 for taking part in
the NSDE II protocol.

2.1.1. Demographic characteristics of participants
Following implementation of exclusion criteria (for details,
see Section 2.2.1.1), the analytic dataset consisted of
2894 complete cortisol days, provided by 1101 partici-
pants. As shown in Table 1, over one-half of participants
were women (56.2%), with age ranging from 34 to 87 years



Table 1 Demographic characteristics of participants taking part in saliva collection: participants contributing days included in
analysis vs. excluded participants (N = 1735).

Characteristic Analytic sample
participants (n = 1101)

Excluded participants
(n = 634)

t(df) x2 (df, N)

M (SD) Missing N (%) M (SD) Missing N (%)

Age (yrs.) 58.2 (12.1) 0 (0.0) 58.3 (11.9) 0 (0.0) 0.24 (1733)
Sex (% female) 56.2 0 (0.0) 56.9 0 (0.0) 0.05 (1, 1735)
Minority status (% Minority) 16.4 3 (0.3) 19.1 2 (0.3) 1.05 (1, 1730)
Education 2 (0.2) 1 (0.2)
�HS/GED (%) 28.3 34.5 7.50** (1, 1732)
Some college or college
degree (%)

51.3 48.1 1.81 (1, 1732)

Some graduate school
or graduate degree (%)

20.3 17.3 2.20 (1, 1732)

Medication use (%) 32.3 31 (2.8) 23.2 226 (35.6) 1.00 (1, 1478)
Any cigarette smoking (%) 16.3 0 (0.0) 14.8 0 (0.0) 0.62 (1, 1735)
Average number of cigarettes
smoked per day

1.8 (5.4) 0 (0.0) 1.8 (5.4) 0 (0.0) �0.12 (1733)

Adult stressful life experiences
(z-score)

0.0 0 (0.0) 0.0 0 (0.0) �0.37 (1733)

Self-reported global health 7.5 (1.5) 37 (3.4) 7.4 (1.6) 8 (1.3) �0.22 (1688)

Note: N = 1428 for participants not missing values on any covariate (n = 1031 for analytic sample, n = 397 for excluded sample).
** p � .01.
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old (M = 58.2, SD = 12.1). Twenty-eight percent (28.3%) of
participants had at most graduated from high school or
received a GED, 51.3% received at least some college
education, and at most a college degree, and 20.3%
attained at least some graduate education or more. The
majority of participants described their primary racial
origin as Caucasian (83%), ten percent of the sample
reported their primary racial origin as Black/African Amer-
ican, and the remainder of the sample (7%) reported their
primary racial origin as Asian, Native American/Alaska
Native/Aleutian Islander/Eskimo, or ‘‘Other’’.

2.2. Measures

2.2.1. Salivary cortisol
Participants were instructed to collect four saliva samples on
interview days two through five at the following times:
immediately at waking (i.e., before getting out of bed),
30 min post-waking, before lunch, and immediately before
bedtime (Almeida et al., 2009a). One week prior to the first
interview, respondents received a Home Saliva Collection Kit,
which provided written instructions and materials for col-
lecting four saliva samples on days two through five of the
eight interview days, for a maximum number of 16 samples
per person. Each Home Saliva Collection Kit included an
instruction sheet, a paper—pencil log where participants
noted the date and time of saliva collection, and sixteen
numbered and color-coded salivettes (Sarstedt, Nümbrecht,
Germany), each containing a small absorbent wad, about
0.75 in. long. Survey Research Center interviewers were
trained to review collection instructions, and respond to
participant queries regarding saliva collection.

Respondents were asked to abstain from eating, brushing
teeth, or consuming any caffeinated products prior to collect-
ing a saliva sample. Participants provided the exact collection
timing of each saliva sample by recording the timing on a
paper—pencil log, as well as by recalling the timing to the
interviewer, as part of the evening daily diary interview.
Additionally, approximately one-quarter of participants
(n = 430) received an electronic ‘‘smart box’’ (Cayuga Design,
Ithaca, NY), which contained an unmarked computer chip that
automatically records every instance when the box is opened.
‘‘Smart box’’ participants received instructions that were
identical to those of the larger sample, and were not made
aware of the purpose of the box. Concordance across all
sources of collection times was high (Almeida et al., 2009a;
Stawski et al., 2011), such that log- and interview-based
collection self-reported times correlated more than 0.9,
and self-reported and ‘‘smart box’’ times correlated between
0.75 (pre-bedtime occasion) and 0.95 (waking occasion).

When all salivettes were ready to be returned to study staff,
each participant used a pre-addressed, pre-paid courier pack-
age for return mailing. Cortisol concentrations remain stable
for up to 5 days of shipment conditions, despite exposure to
widely varying temperatures and movement (Clements and
Parker, 1998). The enclosed salivettes were shipped to the
MIDUS Biological Core at the University of Wisconsin, where
they were stored in an ultracold freezer at �60 8C. Prior to
assay, the salivettes were thawed and centrifuged at 3000 rpm
for 5 min, yielding a clear fluid with low viscosity. The assays
were conducted at the Biological Psychology Laboratory at the
Technical University of Dresden. Cortisol concentrations were
quantified with a commercially available luminescence immu-
noassay (IBL, Hamburg, Germany), with intra-assay and inter-
assay coefficients of variation below 5% (Almeida et al.,
2009a). We describe the selection criteria of cortisol days
for the GMM analytic sample immediately below.

2.2.1.1. Selection of cortisol days for the analytic sam-
ple. Of the total sample of 2022 NSDE II participants, 1736
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returned the saliva kit to study staff. The results of assays
indicated that 26,902 (97%) out of the 27,776 possible saliva
samples yielded reliable cortisol values. Of the samples
excluded during assay, 418 were missed, 392 contained
insufficient saliva volume to detect cortisol, 40 provided
unreliable cortisol values, and 24 could not be linked to a
specific interview day.

A number of additional exclusion criteria were applied, in
keeping with previous research showing that high-integrity,
reliable data are crucial in analysis of diurnal cortisol (for
reviews, see Adam and Kumari, 2009; Schlotz, 2011; Kudielka
et al., 2012). Excluded days may reflect non-compliance, a
non-standard schedule, or a clinical subgroup, and an appro-
priate exploration of diurnal cortisol among these popula-
tions fall outside the scope of the current study. Thus, we
chose to select days on which each participant demonstrated
strict compliance with the saliva collection protocol, fol-
lowed a typical sleep and waking schedule, and did not
exhibit out-of-range salivary cortisol values.

The following exclusion criteria were applied to determine
the analytic sample. Any sample with an extremely high
cortisol value (i.e., �60 nmol/L) was recoded into a missing
value, as was done in previously published work on this (e.g.,
Almeida et al., 2009b) and other samples (e.g., Kumari et al.,
2010). Several procedures were followed to identify samples
characterized by atypical schedules or possible non-compli-
ance. Previous research illustrates that atypical sleep timing
(Federenko et al., 2004) and duration (Van Cauter et al., 1996)
affect cortisol level; thus, we excluded days on which a
participant awoke prior to 0400 h or after 1100 h, or was awake
for a total of less than 12 or more than 20 h. The following two
selection criteria were used to account for the importance of
collection timing in capturing the CAR (Kudielka et al., 2003):
(1) all days on which a participant delayed collection of the
first waking sample by longer than 15 min after waking were
excluded, and (2) all days on which a participant collected the
30-min post-waking sample earlier than 15 or later than 45 min
after his or her waking sample were excluded. In line with
previous work using these data (e.g., Birditt et al., 2011; Taylor
et al., 2011), we also excluded samples on which pre-lunch and
pre-bedtime levels increased by more than 10 nmol/L in com-
parison to the 30-min post-waking value, as a significant surge
in cortisol following the CAR may indicate non-compliance
(e.g., eating prior to sample collection). Finally, given
the interest of the current study in cortisol rhythms throughout
the entire waking period, a cortisol day was included in the
analytic dataset only when a participant exhibited a valid
value on all 4 sample occasions within a given day.

The final analytic sample consisted of 2894 valid cortisol
days, completed by 1101 participants. On average, each par-
ticipant provided 2.63 (SD = 1.06) days of complete cortisol
data, with 19.26%, 24.16%, 31.06%, and 25.52% contributing a
maximum of 1, 2, 3, and 4 complete cortisol days, respectively.
As shown in Table 1, in comparison to participants who pro-
vided at least one complete cortisol day for GMM analysis
(n = 1101), excluded participants (n = 634) were more likely
to report completing at most a High School diploma or equiva-
lent, x2(1, N = 1732) = 7.50, p < 0.01. In addition to this com-
parison, we also examined predictors of increased probability
of exhibiting a valid cortisol day among participants selected
for the analytic sample. Results of this analysis showed that the
following participant characteristics were associated with a
lower probability of exhibiting a valid cortisol day: minority
status (B = �0.31, SE = 0.11, p < 0.01), higher adult stressful
life experiences (B = �0.16, SE = 0.04, p < 0.001), and poorer
self-reported health (B = 0.07, SE = 0.03, p < 0.01).

2.2.2. Covariates
We examined the following predictors in relation to profile
membership: medication use, cigarette smoking, sex, age,
minority status, education level, adult stressful life experi-
ences, and self-reported global health. The first two covari-
ates were assessed at NSDE II, with the remainder measured at
the MIDUS II baseline phone or self-administered question-
naires. NSDE II participants reported the number of cigarettes
smoked since previous interview (or in the past 24 h) on every
interview day. To account for the effect of cigarette smoking
on cortisol, a binary Any Cigarette Smoking variable was
created to identify all individuals who had smoked at least
one cigarette during the entire eight-day diary protocol,
whereas Average Number of Cigarettes Smoked per Day was
created to examine the effect of heavier smoking over and
above the effect of any cigarette use, and was computed by
averaging the number of cigarettes smoked across study days.
A dichotomous Medication Use control variable was created to
control for effects of any of the following six types of pre-
scription and over-the-counter medicines that have been
previously shown to influence cortisol levels: steroid inhalers,
other types of steroid medications, medications or creams
containing cortisone, birth control pills, and anti-depressant
or anti-anxiety medications (Granger et al., 2009). Age at NSDE
II was computed by adding the time lag between MIDUS II and
NSDE II data collection to MIDUS II verified age. The majority of
participants (82.7%) reported that their racial origins were
solely Caucasian, whereas 17.0% reported at least some non-
Caucasian racial background. Given the small proportion of
non-Caucasian participants, we created a dichotomous vari-
able indicating Minority Status to account for primary racial
background in analyses. The MIDUS II protocol did not include a
continuous measure of years of education, thus, we created a
categorical Education variable, distinguishing between parti-
cipants attaining less than or equal to a High School diploma or
equivalent, some college or college degree, and some grad-
uate school or graduate degree. When entered as a covariate in
substantive models, two dummy variables (i.e., �HS/GED,
some college or college degree) were used to examine the
effect of education. A measure of Adult Stressful Life Experi-
ences was developed specifically for MIDUS II dataset (e.g.,
Slopen et al., 2010, 2012), and consists of a standardized score
of a number of stressful events experienced in the past five
years, and earlier in adulthood (e.g., divorce, prolonged
unemployment, death of a parent, death of a child, sexual
assault, bankruptcy, combat). Global Self-Rated Health was
assessed on the MIDUS II self-administered questionnaire, using
11-response categories ranging from 0 (Worst) to 10 (Best).
Ninety-four percent (93.6%; 1031) of participants in the ana-
lytic sample completed all covariates-related measures.

2.3. Analytic approach

2.3.1. Growth mixture modeling
Growth mixture modeling (GMM; Muthén and Shedden, 1999)
with latent time basis was used to identify patterns of diurnal
cortisol (Ram and Grimm, 2009; Koss et al., 2013). GMM uses
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the structural equation modeling framework to incorporate
conventional latent growth modeling with latent class ana-
lysis (Muthén and Muthén, 2000). This model allows for
estimation of mean growth parameters (e.g., intercepts,
slopes) for classes within a heterogeneous population, as
well as variability in growth parameters within each class.
We chose to conduct GMM with a latent time basis, an
approach that allows estimation of any non-linearity in
growth across the day. Means and variances of intercepts
and slopes, along with time and slope loadings, were uncon-
strained across groups. Given the substantive focus on natu-
rally occurring profiles in levels of cortisol, all analyses
examined raw cortisol values, which were not statistically
transformed to achieve normality. To account for non-nor-
mality typical of salivary cortisol level distributions, all GMM
analyses employed maximum likelihood with robust stan-
dard errors (MLR) — an Mplus parameter estimator that is
robust to non-normality in observations (Muthén and
Muthén, 1998—2010).

2.3.2. Model selection
Models with 1 through 4 classes were estimated on the
analytic sample of 2894 valid cortisol days. The best fitting
model was selected using the following criteria: (1) sample-
size adjusted Bayesian information criterion (BIC) values, (2)
Lo—Mendell—Rubin likelihood ratio tests (LRT), (3) para-
metric bootstrapped likelihood ratio test (BLRT), (4) average
posterior probabilities within classes, (5) entropy values, (6)
class sizes, (7) theoretical meaningfulness, (8) similarity
across groups, and (9) interpretability of results.

The smallest BIC value determines the model that best fits
the data, while simultaneously penalizing for additional num-
ber of parameters, ensuring that the most parsimonious model
is chosen. The LRT (Lo et al., 2001) and BLRT (Nylund et al.,
2007) provide a formal test of significance for the likelihood
ratio statistic that compares a model with k groups to a model
with k � 1 groups. Each class’s average posterior probability
value represents a probability that the observed patterns
belong to the assigned trajectory, with values approaching 1
indicating a high likelihood that days belong to an assigned class
(Jung and Wickrama, 2008). Entropy is a related index, with
Table 2 GMM model fit.

1-Class 2-Cl

Model fit information
Loglikelihood H0 value �36879.41 �35

Model fit information
AIC 73780.83 70
BIC 73846.50 70
Adjusted BIC 73811.55 70
Entropy 

LMR p-value 

LMR adjusted p-value 

BLRT p-value 

Residual variances
Wake 45.75 

30 min 58.62 

Lunch 15.02 

Bed 7.72 
values approaching 1 indicating high distinguishability between
classes(Nagin, 1999). Inaddition, wemade certain that noclass
was too small using previously described criteria (Jung and
Wickrama, 2008). Finally, theoretical meaningfulness, similar-
ity across groups, and interpretability of results were consid-
ered in determining the appropriate number of latent classes
(Muthén and Muthén, 2000). Following selection of the best-
fitting class solution, we assigned class membership to each
individual dayofstudy, basedonhighestposteriorprobability of
membership (Hand and Yu, 2001; Vermunt, 2010).

2.3.3. Cortisol profile variability
Following group assignment, we examined the degree of day-
to-day variability in profile membership by calculating an
intraclass correlation coefficient (ICC), which decomposes
the variance in profile membership into variability due to
stable individual differences, and variability due to day-level
factors. First, in order compare our data to previous work, we
carried out a traditional variance decomposition analyses for
cortisol level at each of the four daily occasions of measure-
ment (Hruschka et al., 2005). That is, we calculated ICCs by
estimating four unconditional two-level multilevel models
for waking, 30 min post-waking, pre-lunch, and pre-bedtime
cortisol values. Second, an ICC was calculated by estimating
unconditional two-level multilevel model (i.e., day profile
memberships nested within individuals) for each of the three
possible indicators of profile variability (i.e., Class 1 vs. Class
2 or 3, Class 2 vs. Class 1 or 3, and Class 3 vs. Class 1 or 2).

To examine predictors of variability, logistic regression
was used to investigate the effect of covariates on the like-
lihood of exhibiting more than one type of profile across all 4
study days (i.e., variability) versus exhibiting only one type of
profile across all 4 study days (i.e., consistency). The interest
in day-to-day stability versus variability in this particular
analysis precluded us from utilizing the full analytic sample,
where participants varied from each other in the number of
provided valid cortisol days. To reduce the effect of varia-
bility in number of provided days, and to maximize the
number of days on which participants could exhibit consis-
tency or variability in cortisol profile, we selected a subgroup
of participants who provided all 4 days of valid diurnal
ass 3-Class 4-Class

336.20 �34793.74 �34589.58

710.41 69641.48 69249.16
823.84 69802.68 69458.12
763.47 69716.89 69346.92

0.76 0.79 0.80
<0.0001 <0.0001 0.0037
<0.0001 <0.0001 0.0040
<0.0001 <0.0001 <0.0001

34.53 37.21 38.66
74.64 81.69 72.41
18.11 8.91 6.72
0.44 0.36 0.41
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Figure 1 Estimated diurnal cortisol profiles, and final class
proportions: (A) 1-class solution and (B) 3-class solution.
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cortisol data. The subgroup providing all 4 days (n = 281)
differed from the subgroup providing 1, 2 or 3 days (n = 820)
in the following ways: participants providing all 4 days
reported fewer adult stressful life experiences (t(3.39) =
1099, p < 0.01), higher self-reported health (t(�2.42) =
1062, p < 0.05), and were less likely to be a minority x2(1,
N = 1098) = 11.85, p < 0.001).

2.3.4. Prediction of cortisol profile membership
Finally, we examined the role of covariates in predicting class
membership. To predict class membership, an outcome that
varies between persons, as well as between days, we used a
repeated measures (i.e., two-level multilevel) multinomial
logistic regression (Merlo et al., 2006). Use of multilevel
modeling allowed us to account for nonindependence in the
hierarchically structured data (i.e., daily profiles nested within
individuals). In light of the current study’s focus in individual
differences in cortisol profile membership, we examined pre-
dictors that did not vary on a daily level, and were thus entered
into the model at Level 2. All analyses were carried out using
Mplus, Version 6.12 (Muthén and Muthén, 1998—2010).

3. Results

The final analytic sample consisted of 2894 valid cortisol
days, completed by 1101 participants. Across all analytic
sample days, average cortisol values in nmol/L were the
following: 14.85 (SD = 8.39; range: 0.014—58.515) for waking
samples; 21.70 (SD = 10.95; range: 0.059—59.515) for 30 min
post-waking samples; 6.81 (SD = 4.51; range: 0.043—46.487)
for pre-lunch samples; and 2.85 (SD = 3.42; range: 0.010—
32.583) for pre-bedtime samples. On average, saliva samples
were collected at 0640 h (SD = 0115 h), 0711 h (SD = 0115 h),
1237 h (SD = 0122 h), and 2229 h (SD = 0116 h), for waking,
30 min post-waking, pre-lunch, and pre-bedtime samples,
respectively.

3.1. Identification of cortisol profiles

The 3-class solution provided the best model fit.1 Table 2
presents model fit indices for solutions estimating 1 through 4
classes. AIC, BIC, and sample-size adjusted BIC values
dropped, as model complexity increased to incorporate three
classes. The 3-class solution showed high entropy (i.e., 0.79),
which was slightly higher than the entropy value of the 2-
class solution. Moreover, all three likelihood ratio tests indi-
cated that the 2-class solution provided better fit to these
data than the single-class solution, and that, in turn, the 3-
class solution exhibited significantly better fit than the 2-
class solution (all p’s < 0.0001).

Assessing improvement of the 4-class solution in relation
to the 3-class solution was less straightforward. Although the
BIC value dropped, the change was slight, when compared to
the drops due to an increase in the number of classes to 2 or 3.
The entropy and average probability values were comparable
1 Additional analyses (not shown) yielded comparable results (e.g.,
the 3-class solution provided the best fit, comparable parameter
estimates and class proportions) when analyses were carried out
separately for each interview day.
across the two solutions. The LRT showed that the 4-class
solution provided improved fit ( p < 0.001), whereas the BLRT
failed to replicate in repeated bootstrap draws, suggesting
that this solution may have converged on a local maximum
and did not provide reliable estimates (Nylund et al., 2007).
Moreover, additional inspection of the 4-class solution (not
shown) revealed that one of the classes was relatively small
(4% of days), and the two smallest classes (4% and 7% of days)
produced cortisol trajectories that were not theoretically
meaningful. Thus, we chose to further examine the 3-class
solution (Fig. 1).

Table 3 details parameter estimates and class sizes and
proportions, and the figure illustrates the trajectory of cortisol
for the 3-class solution. Panel A of the figure illustrates the
average cortisol profile across all days, and panel B shows the
three cortisol profiles estimated by the 3-class solution. Major-
ity of the days (2112 of days, 73%) belonged to Class 1, a
normative circadian cortisol rhythm profile, characterized by a
robust CAR and diurnal slope, with relatively low awakening
and bedtime levels. One-fifth of the days (581 days, 20%)
belonged to Class 2, an elevated trajectory, distinguished by
higher morning values, coupled with a relatively unpro-
nounced CAR, and higher bedtime values. Finally, the smallest
class (201 days, 7%), Class 3, had a flattened pattern, char-
acterized by a remarkable absence of the CAR, followed by
stable-high levels throughout the rest of the day. All classes of
the 3-class solution exhibited high average posterior probabil-
ities (i.e., 0.93, 0.88, 0.90, for Class 1, 2, and 3, respectively).
Assessment of non-objective criteria (as discussed in Section
2.3) showed that the 3-class solution did not extract overly
small classes, and produced interpretable profiles, which were
sufficiently distinguishable from each other.



Table 3 GMM class sizes and parameter estimates for the 3-class solution.

Class 1 ‘‘Normative’’ Class 2 ‘‘Elevated’’ Class 3 ‘‘Flattened’’

Est. class counts and proportions 2014 (70%) 654 (23%) 225 (8%)
Final class counts and proportions 2112 (73%) 581 (20%) 201 (7%)
Ave. posterior probabilities 0.93 0.88 0.9
Intercept mean 13.36 19.89 13.87
Slope mean 11.86 15.11 4.61
Intercept variance 11.88 66.3 21.99
Slope variance 10.13 78.47 65.73
Wake slope loading 0 0 0
30 min slope loading 0.59 0.26 0.62
Pre-lunch slope loading �0.62 �0.87 0.43
Pre-bed slope loading �1 �1 �1
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3.2. Intraindividual variability in cortisol profile
membership

Variance decomposition of cortisol values at each of the four
time points showed significant estimates for between- and
within-person variability. The ICC values for waking, 30 min
post-waking, pre-lunch, and pre-bedtime occasions were the
following: 0.425, 0.494, 0.340, and 0.324. Moreover, analyses
of variability in cortisol profile membership provided signifi-
cant estimates for both, variability across people, and varia-
bility across days. The ICCs were 0.293, 0.209, and 0.155 for
typical class (vs. elevated or flattened), elevated class (vs.
Table 4 Logistic regression coefficients and odds ratios for
predictors of cortisol profile inconsistency (N = 281).

Predictor Inconsistent (n = 134) vs.
consistent (n = 147)

B (SE) eB

Intercept 1.03 (1.08) 2.80
Age (yrs., centered at 50) 0.01 (0.01) 1.01
Sex (0 = Male) �0.63* (0.27) 0.53
Minority status (0 = Caucasian) �0.20 (0.45) 0.81
Education: � HS/GED �0.67 (0.40) 0.51
Education: some college
or college degree

�0.26 (0.34) 0.77

Medication use (0 = None) 0.16 (0.28) 1.17
Any cigarette smoking
(0 = None)

0.36 (0.49) 1.43

Average number of
cigarettes smoked per
day (centered at 20)

0.05 (0.04) 1.05

Adult stressful life
experiences (z-score)

�0.23 (0.16) 0.79

Self-reported global health 0.03 (0.09) 1.03

Model x 2 16.43
df 10
Nagelkerke R 2 0.08

Note: eB = odds ratio (exponentiated B). N = 271 for participants
not missing values on any covariate (n = 128 for inconsistent
participants, n = 143 for consistent participants).
* p � 0.05.
typical or flattened), and flattened class (vs. typical or
elevated), respectively.

Logistic regression predicting any inconsistency (Table 4)
showed that men were more likely to exhibit variability in
cortisol profiles across 4 days. Specifically, women were 47%
less likely to exhibit any variability in cortisol profiles across 4
days.

3.3. Predictors of cortisol profile membership

Table 5 presents results of a repeated measures multinomial
logistic regression, showing logistic log-odds and odds ratios
between covariates and likelihood of cortisol profile member-
ship. Older age and cigarette smoking were associated with
greater likelihood of a participant experiencing an elevated
trajectory, as compared to the normative trajectory. A 1-year
increase in age was associated with a 2% increased likelihood of
having an elevated trajectory, while any cigarette use was
associated with a 67% increased odds of having an elevated
trajectory (all p’s < 0.01). Older age, being male, medication
use, cigarette smoking, and poorer self-rated health were all
associated with increased likelihood of a participant experi-
encing a flattened cortisol day, as opposed to a day with a
normative pattern. Specifically, the odds of experiencing a
flattened cortisol day increased by 2% with each additional
year of age ( p < 0.01), decreased by 42% among women
relative to men ( p < 0.001), increased by 39% among medica-
tion users, increased by 94% among cigarette smokers relative
to non-smokers, and decreased by 11% with each one-unit
increase in self-rated health (all p’s < 0.05).2

4. Discussion

Drawing on an age-heterogeneous national sample of U.S.
adults, we used a relatively novel analytic approach to
identify typical diurnal profiles of salivary cortisol across
nearly 3000 days, provided by over 1000 participants. The
3-class solution provided the best fit to these data and
suggested that on the majority of days, U.S. adults exhibit
a normative pattern — what appears to be a classic diurnal
cortisol pattern previously described in the literature,
2 Results did not change significantly when interview day was
included as a covariate.



Table 5 Repeated measures multinomial logistic log-odds and odds ratios for predictors of cortisol membership (N = 2894 days).

Predictor Class 1 ‘‘Normative’’

vs. Class 2 ‘‘Elevated’’ Class 3 ‘‘Flattened’’

B (SE) eB B (SE) eB

Intercept �0.85** (0.38) 0.38 �1.47*** (0.56) 0.23
Age (yrs., centered at 50) 0.02*** (<0.01) 1.02 0.02*** (0.01) 1.02
Sex (0 = Male) �0.14 (0.10) 0.87 �0.55*** (0.16) 0.58
Minority status (0 = Caucasian) 0.07 (0.14) 1.07 0.34 (0.21) 1.41
Education �HS/GED �0.13 (0.15) 0.88 �0.19 (0.23) 0.83
Education some college or college degree �0.09 (0.13) 0.91 �0.03 (0.21) 0.97
Medication use (0 = None) �0.02 (0.11) 0.98 0.33* (0.17) 1.39
Any cigarette smoking (0 = None) 0.51** (0.19) 1.67 0.66* (0.28) 1.94
Average number of cigarettes smoked per day (centered at 20) 0.01 (0.01) 1.01 0.01 (0.02) 1.01
Adult stressful life experiences (z-score) �0.04 (0.06) 0.96 �0.02 (0.09) 0.98
Self-reported global health �0.05 (0.03) 0.95 �0.12* (0.05) 0.89

Note: eB = odds ratio (exponentiated B). Class 1 ‘‘Normative’’ is the reference category. N = 2737 for days not missing values on any
covariate.
* p � 0.05.
** p � 0.01.
*** p � 0.001.
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characterized by a robust CAR, followed by a gradual decline
throughout the rest of the day. The two less commonly
observed profiles — a curve that was elevated and a curve
that was flattened in relation to the normative curve — may
indicate hyperactivated and hypoactivated HPA-axis regula-
tion. Our results support previous work showing that older
adulthood is associated with a deviation from the expected
diurnal cortisol rhythm, and that the flattened profile is
linked with poorer health. The following sections show
how the three profiles correspond to the rich theoretical
literature that has proposed more than one manifestation of
the dysregulated circadian cortisol rhythm, link our findings
to previous empirical work, evaluate limitations, review
strengths, and suggest directions for future research.

4.1. Discrete classes in cortisol’s circadian
rhythm

A large body of published work has examined predictors of
diurnal cortisol when dysregulated or unhealthy profiles are
operationalized as excessively high or low discreet or overall
levels (e.g., Yehuda et al., 2005), or as excessively fast or
slow rate of change in level across the day (e.g., Bower et al.,
2005). A noted limitation in the cortisol literature is the lack
of clinical cut-offs for what are deemed to be ‘‘healthy’’
versus ‘‘dysregulated’’ levels and rates of change in naturally
occurring cortisol across the day. Using growth mixture mod-
eling, the current study begins to address this topic by
simultaneously modeling diurnal cortisol’s latent classes as
well as growth curve parameters, thereby illustrating the
characteristics and relative proportions of diurnal cortisol
profiles in a national sample of adults.

4.1.1. The normative profile
The normative curve was observed most commonly, and may
represent the nonlinear and dynamic cortisol pattern pre-
viously found among healthy adults, which is characterized
by a marked CAR, followed by a negative diurnal cortisol
slope. In the current study, we found that on an average
normative day, cortisol at waking begins with at 13.4 nmol/L
and rises over 50% to 20.4 nmol/L at 30 min post-waking.
Following the CAR, the normative profile’s cortisol level
declines to 6.0 nmol/L before lunch, and then drops to
1.5 nmol/L immediately prior to bedtime. There have been
a number of proposals on the possible significance of such a
robust CAR in light of awakening in the morning. It may
mobilize the body’s energy reserves (Pruessner et al.,
1997a), switch the immune system to daytime activity (Huck-
lebridge et al., 1999), and aid individuals in the anticipation
of events of the upcoming day and the ‘‘orientation about the
self in time and space’’ (Fries et al., 2009). A relatively
negative decline in the cortisol slope has been hypothesized
to represent an ability to disengage from stressful events at
the end of the day, as well as an intact HPA-axis negative
feedback loop (Heim et al., 2000; Miller et al., 2007).

4.1.2. The elevated profile
One-fifth of days (i.e., 20%) in the current study were char-
acterized by a profile that was elevated in relation to the
normative curve, with a waking level that is nearly 50% higher
than that of the normative curve, followed by subsequently
high levels that never dropped to those of the normative
profile. At the expense of membership in the normative
cortisol profile, smoking cigarettes and older age increased
the likelihood of exhibiting a day with an elevated profile.

We speculate that an elevated profile may be an empirical
manifestation of what Sapolsky and colleagues described as
the glucocorticoid hypersecretion syndrome (1986), which
has been shown to predispose mice to various aging-related
pathologies, such as an increased incidence of cognitive
impairment, and tumor establishment and growth. It may
further represent a type of allostatic load (Sterling and Eyer,
1988), a heuristic for understanding the mechanism of stres-
sor accumulation and the consequent physiological wear-
and-tear. A heightened overall neuroendocrine activation
is adaptive in light of intermittent stressor exposure, but,
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under protracted conditions, generates physiological wear-
and-tear that leads to disease (McEwen and Seeman, 2006).
McEwen and Seeman (2006) proposed that there are four
types of allostatic load, where one subtype is a state marked
by repeatedly elevating or chronically high levels of stress-
related biomarkers, due to repeated stressor exposure.
Indeed, a relatively recent, but already seminal meta-ana-
lysis (Miller et al., 2007) showed that higher morning, fol-
lowed by higher afternoon or evening cortisol levels are a
consequence of a relatively recent acute stressor exposure.

4.1.3. The flattened profile
The smallest proportion of days (i.e., 7%) exhibited a cortisol
profile that was flattened in relation to the normative profile.
Relative to the normative, the flattened curve was not
different in waking level, but was characterized by a dam-
pened CAR, and a near absence of the diurnal slope decline,
resulting in a high bedtime value. The flattened profile
likelihood increased among participants who were cigarette
smokers, male, older, used medications previously shown to
alter cortisol levels, and reported poorer health.

We speculate that the flattened profile may be an index of
a hypoactive HPA-activation, which has been linked with
higher chronic fatigue symptoms (Bower et al., 2005), poorer
metabolic health (Ranjit et al., 2005; Lasikiewicz et al.,
2008), and a greater likelihood of PTSD diagnosis among
Holocaust survivors (Yehuda et al., 2005). This circadian
pattern may be a presentation of an allostatic load subtype
that is chiefly characterized by a failure to exhibit an
expected trough in a biomarker’s circadian cycle, or recovery
following a stressor (McEwen and Seeman, 2006). The bio-
logical mechanisms driving these stress-induced HPA-axis
‘‘over-adjustments’’ are a reduction in the number and
activity of glucocorticoid receptors, a reduction in biosynth-
esis of cortisol, and/or an increased sensitivity to glucocor-
ticoids (Fries et al., 2005). As a result, basal diurnal cortisol
levels may appear flattened, with a failure to activate the
HPA-axis in the morning, and/or a failure to deactivate it in
the evening, resulting in a relatively flat diurnal slope (Heim
et al., 2000; Fries et al., 2005). Indeed, morning cortisol
decreases whereas afternoon and evening levels increase
when a stressor is no longer present (Miller et al., 2007).

4.1.4. Cortisol profile variability
Decomposition of variance in cortisol levels at each occasion
illustrated that between-person characteristics accounted
for one-third to one-half of variability in cortisol level. These
results are comparable to those of other studies measuring
salivary cortisol in the field (e.g., Edwards et al., 2001; Ranjit
et al., 2009).

To the best of our knowledge, this is the first work to
examine daily variability in cortisol profile membership;
thus, a comparison to other samples is not feasible at this
time. The decomposition of variance in cortisol profile mem-
bership provided evidence for a modest proportion of class
membership variance due to individual differences (i.e., 16—
29% of the variability), showing that the majority of class
membership variance is due to day-level factors (i.e., 71—
84% of the variability in class membership). Analysis of
individual differences showed that men were more likely
to show inconsistency in cortisol profiles across the four study
days, although we must acknowledge that these results are
more exploratory in nature, as they are based on a relatively
small subsample of participants providing valid cortisol
values on all four study days.

4.2. Limitations, strengths, and future
directions

A major strength of the current study is the opportunity to
examine our research questions in a sufficiently large sample
of adults providing up to four days of salivary cortisol sam-
ples. As evident from the 1-class solution, mean cortisol
values across the four sampling occasions were in line with
previously reported levels from studies employing lab-based
salivary cortisol collection (Pruessner et al., 1997a; Smyth
et al., 1997; Wust et al., 2000; Edwards et al., 2001). We
assessed latent heterogeneity in cortisol profiles using a type
of mixture modeling, a relatively novel procedure in cortisol
literature (cf. Lasikiewicz et al., 2008; Van Ryzin et al., 2009;
Kumari et al., 2010). Latent basis GMM allowed us to model
any potential non-linearity in the latent growth curves.
Moreover, we investigated potential links between the prob-
ability of profile membership and a selected set of demo-
graphic, health, and stress-related variables. Given these
limits to study scope, a number of generative directions for
future research remain.

It is important to point out the relative homogeneity of the
participant sample, which consisted of participants who were
generally Caucasian and attained relatively high education
levels. Future research should explore cortisol profiles and
examine predictors of cortisol profile membership within a
sample diverse in ethnic and socioeconomic status composi-
tions. As was the case with results of some of the other studies
(e.g., Dowd and Goldman, 2006), there was no significant
association between socioeconomic status and diurnal corti-
sol. Future studies should provide a more comprehensive
examination of how disparities in socioeconomic status are
linked to diurnal cortisol profiles, perhaps using other oper-
ationalizations of socioeconomic status in addition to highest
years of education attained. For example, a number of studies
have illustrated that early-life economic adversity may be
more salient to diurnal cortisol dysregulation than current
socioeconomic status (e.g., Miller et al., 2009).

The focus of the current study was on examining common
cortisol profiles independent of several known confounders
and correlates (Adam and Kumari, 2009; Schlotz, 2011;
Kudielka et al., 2012); thus, we imposed strict cut-off criteria
for saliva collection protocol adherence during selection of
days for the analytic sample. It was important to ensure that
the identified profiles were not reflections of different
degrees of adherence to the saliva collection protocol, clin-
ical subpopulations where individuals exhibit exceptionally
high cortisol levels, or subgroups of participants who follow
non-standard sleep schedules. Indeed, participants included
in the analytic sample differed from those who were
excluded, or from those who had a lower probability of
providing a valid cortisol day. Specifically, participants who
did not provide any valid cortisol days were more likely to
have attained at most a high school education or equivalent.
Among participants contributing at least one cortisol day,
minority status, higher adult stressful experiences, and
poorer self-reported health were associated with a lower
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probability of providing a valid cortisol day. To improve
adherence to cortisol collection protocol, we have recently
begun providing our participants with videotaped instruc-
tions for how to collect, store, and return their saliva sam-
ples. This DVD, which is included in the saliva collection kit
that is sent to all participants, is available from David M.
Almeida upon request.

Given the available data, medication use and minority
status were dichotomized, creating rather crude operatio-
nalization of these covariates, and future work should
examine medication use and race and ethnicity in relation
to cortisol profiles more closely. Recent studies have shown
the importance of ensuring precise timing of cortisol col-
lection (Hall et al., 2011; Smyth et al., in press). Although
we did our best to reduce the impact of noise due to non-
adherence to the cortisol collection protocol, the current
study lacked objectively verified assessments of cortisol
collection timing, and this factor will be important to
explore in future studies examining diurnal cortisol
profiles.

The current findings indicate that relative to the norma-
tive profile, the flattened profile is more relevant than the
elevated profile for poorer health outcomes, at least when
health is operationalized by a self-reported global health
scale. Future work should carry out a more fine-grained
analysis investigating how different aspects of physical
health are associated with deviation from the normative
diurnal cortisol curve. Previous research shows strong links
between stress-eliciting environments and psychological
well-being (e.g., Slavich et al., 2009), and between flatter
diurnal cortisol slope and symptoms (Knight et al., 2010) and
diagnosis (Jarcho et al., 2013) of depression. Thus, a careful
examination of potential links between psychological well-
being and diurnal cortisol profiles is another important direc-
tion for future studies to pursue. The current work also links
cigarette use to a deviation from the normative cortisol
profile, suggesting that one possible direction for future
research lies in examining whether cigarette smoking pre-
vention and intervention efforts may aid healthy diurnal
cortisol regulation. Moreover, future work should examine
the effect of other health behaviors on diurnal cortisol
patterns.

Although the current data did not allow us to examine
this question, future work should investigate the link
between stressor reactivity and diurnal cortisol profile
membership and variability. The lack of a significant asso-
ciation between stressful life events and cortisol profile
membership may seem surprising at first glance, but is
consistent with previous literature showing weak or non-
significant associations between diurnal cortisol and life
events (e.g., Ice et al., 2004). The critically important
stress-to-cortisol mechanism should be more closely exam-
ined by investigating how diurnal cortisol profiles are
differentially linked to stressors of various forms, types,
and temporal dimensions (Miller et al., 2007). The tem-
poral dimension may be particularly important here, given
the high proportion of day-to-day variance in cortisol
profiles in this sample. Future work should consider the
differing impact of stressor forms (e.g., chronic stress),
and types (e.g., arguments), as well as the effects of
stressors that fluctuate across hours and days, and those
that change as the seasons of one’s life turn.
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