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Summary

Background: Indices of cortisol activity, including the cortisol awakening response (CAR), diurnal
slope, and cortisol output across the day (total daily output), are often studied as mechanistic
indicators that could link stress with health. Yet there is a paucity of data speaking to their
temporal features, particularly whether they behave in a more state- or trait-like manner across
time.
Methods: To address this issue, data from 3 studies were used to assess CAR, diurnal slope and
total daily output stability over different age groups and time spans: 130 healthy children and
adolescents collected salivary cortisol samples 5 times/day (1, 4, 9 and 11 h after wake) over 2
days at 5 visits spaced 6 months apart (Study 1); 147 adolescent girls collected saliva 6 times/day
(wake, 1, 4, 9 and 14 h after wake) for 2 days at 3 visits, each a year apart (Study 2); and 47
healthy, primarily middle age adults collected saliva 6 times/day (wake, 1, 4, 9 and 14 h after
wake) for 3 days at 4 visits spaced 2—3 months apart (Study 3). Stability was estimated by
multilevel model-derived intraclass correlation coefficients (ICCs).
Results: Across studies, approximately 50% of the variance in cortisol indices was attributable to
day-to-day fluctuations, suggesting state-like properties. Of the indices, total daily output emerged
as the most stable over time, followed by diurnal slope and CAR, but stability estimates were
generally quite modest regardless of index and sample. Over time spans of >1 year, ICCs were � .13.
Conclusions: Most of the variance in CAR, diurnal slope and total daily output reflects day-to-day
fluctuation; there was little evidence for more stable trait-like influences. These findings suggest
that future research should focus on short-term fluctuations in stress, cortisol and health, as
opposed to lengthy disease processes.
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1. Introduction

Cortisol, a steroid hormone and glucocorticoid, is a key-end
product of hypothalamic-pituitary-adrenal (HPA) axis activa-
tion. It is essential for life, and is best known in health
psychology and related disciplines for its role in regulating
the stress response cascade (Sapolsky, 2000). Much of the
interest in cortisol revolves around its role as a proposed
intermediary linking chronic stress with health problems
(Miller et al., 2007; Adam and Kumari, 2009), including
diabetes mellitus and the metabolic syndrome (Anagnostis
et al., 2009; Champaneri et al., 2012), affective difficulties
(Stetler and Miller, 2005; Adam et al., 2010; Stetler and
Miller, 2011), clinical and sub-clinical heart disease (Mat-
thews et al., 2006; Dekker et al., 2008; Hajat et al., 2013),
cardiovascular disease mortality (Kumari et al., 2011),
chronic fatigue syndrome (Strickland et al., 1998), arthritis
(Chikanza et al., 1992; Catley et al., 2000), and asthma (Chen
et al., 2003; Fei et al., 2004).

Cortisol is secreted in pulses over the course of the day.
Typically, there is a steep rise in cortisol output during the
first 30—45 min following awakening, followed by a steady
decline across the morning, afternoon, and evening hours,
with the daily nadir typically occurring around midnight
(Kirschbaum and Hellhammer, 1989; Pruessner et al.,
1997). To capture this variability in daily life most research-
ers have participants collect saliva samples 2—6 times during
the waking hours. After cortisol has been measured in saliva,
various indices can be extracted from different portions of
the diurnal curve. Three of the most commonly used are the
cortisol awakening response (CAR), diurnal cortisol slope
(diurnal slope), and total daily cortisol output. The CAR is
defined as the increase in cortisol concentrations during the
first 30 min post-awakening, relative to waking cortisol
values. It is believed to represent a physiological boost
needed to meet the expected demands of the day, and
evincing either high or blunted CARs has been linked to
maladaptive outcomes (Stetler and Miller, 2005; Adam
et al., 2010; Champaneri et al., 2012). The diurnal slope
attempts to capture cortisol circadian fluctuations; it is
usually operationally defined as the line resulting from
regression of cortisol values collected across the day onto
hours since awakening, excluding the morning awakening
response. A negative diurnal slope is generally considered
indicative of healthy HPA axis function (although some excep-
tions exist, see Smyth et al., 1997; Stone et al., 2001), with
flattened or positive diurnal slopes suggestive of potential
HPA axis dysfunction. Finally, total daily cortisol output, or
total area-under-the-curve (total daily output), is defined as
the area between ground and cortisol values taken across the
day. Often, but not always, the morning awakening response is
excluded from these calculations, to prevent morning awa-
kening responses from having undue influence on calculated
values. Total daily output is thought to reflect cumulative
tissue exposure to cortisol across the day: Persistently high
total daily output may create ‘‘wear and tear’’ on various
bodily tissues, resulting in structural or functional changes
that could affect disease vulnerability (McEwen, 1998).

Despite extensive research on these cortisol output
indices, important questions about their determinants and
characteristics remain unanswered. Of particular relevance
to stress and health research is whether these indices possess
relatively state-like vs. trait-like properties. If diurnal corti-
sol indices fluctuate widely across days, or are more state-
like, they are probably best suited to explaining phenomenon
that operate along similarly brief timeframes, like why
arthritis symptoms wax and wane in concert with daily mood
states (e.g., Schanberg et al., 2000). By contrast, if the
cortisol indices are relatively stable over time, or are more
trait-like, they could be well poised to explain processes that
evolve over more lengthy time periods, for example why
some enduring stressors, such as an abrasive marriage, bol-
ster risk for heart disease (e.g., Orth-Gomer, 2000), a con-
dition that develops over the course of multiple decades.

Surprisingly little is known about the stability of various
cortisol indices. To the best of our knowledge, only two
studies have examined stability over periods longer than 1
month. Both of these focused on adolescents and assessed a
single domain of cortisol activity (i.e., cortisol following
awakening or the diurnal rhythm of output). In a sample of
410 adolescents, CARs were assessed annually over three
consecutive years. Analyses yielded a standard tracking
coefficient of b = .17, which can be interpreted as indicating
low stability (Platje et al., 2013). In another study, diurnal
slopes were assessed biannually over 6 years in 357 children.
Results indicated that 13% of the total variance in diurnal
slopes was trait-like or between persons. The remainder was
attributable to day-to-day or within-day fluctuations (Shirt-
cliff et al., 2012).

Although they provide initial evidence regarding cortisol’s
temporal stability, these studies leave open several impor-
tant questions. First, to what extent does stability vary across
the indices (CAR, diurnal slope, total daily output)? If it does,
there could be significant implications for theory and meth-
ods in this area, with researchers attempting to match the
temporal characteristics of cortisol indices with those of the
phenomenon being studied. Second, to what extent does the
stability of cortisol indices vary across the lifespan? All of the
stability research to date has focused on adolescents, so it
remains unclear whether patterns differ at other ages. Again,
if they did, it would have significant implications for theory
and methods in this literature, potentially leading research-
ers to focus on specific cortisol indices for specific popula-
tions or age groups. The purpose of this article is to begin
addressing these questions, using cortisol datasets that were
collected in three distinct multi-wave longitudinal studies
spanning from childhood into the adult years.

2. Methods

We used data from three independent studies to assess
cortisol index stability over various timeframes (see Table
1 for a summary of protocols and samples). Participants
across the studies were recruited from the Vancouver, BC,
Canada area through a combination of print and online
advertisements. In order to be included, all participants
had to be currently healthy and free of any history of major
physical or psychiatric disorders. All projects were approved
by the University of British Columbia Research Ethics Board.
Written consent was obtained from all participants, and a
parent or guardian also provided consent for participants
under 18.



Table 1 Study sample characteristics and cortisol sampling schedules.

Study 1 Study 2 Study 3

Description Stress, SES and asthma
(controls)

Risk for depression
and atherosclerosis

Caregivers of brain cancer
patients (controls)

Inclusion criteria 8—18 yo medically
healthy

Female 15—19 yo,
medically healthy
Increased risk of having
a depressive episode

>18 yo, medically healthy
Free of major stressors

n 130 147 47

Age at entry 12.9 � 2.4 years 17.0 � 1.3 years 50.0 � 13 years

# Female (%) 64 (49.2) 138 (100) 29 (61.7)

Sampling times 1, 4, 9, 11 h 0, ½, 1, 4, 9, 14 h 0, ½, 1, 4, 9, 14 h
Cortisol indices Slope; AUC CAR; Slope; AUC CAR; Slope; AUC

# Sampling days per visit 2 2 3
# Visits across study 5 3 4

Total sampling days 10 6 12

Interval between visits 6 months 1 year 2—4 months
Total follow-up length 24 months 24 months 8 months

Cortisol indices

CAR (log(ng/mL) h) N/A 8.40 � 10�2 � 0.35 3.7 � 10�3 � 0.22
Diurnal slope (log(ng/mL)/h) �3.86 � 10�2 � 3.9 � 10�2 �3.83 � 10�2 � 3.1 � 10�2 �3.47 � 10�2 � 2.12 � 10�2

Total daily output (log(ng/mL) h) 6.52 � �2.7 9.76 � 3.7 7.47 � 2.4
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2.1. The studies

2.1.1. Study 1
A sample of 130 children and adolescents were originally
recruited as the control group for a larger longitudinal study
on stress, socioeconomic status, and asthma in children and
adolescents (Chen et al., 2006). To qualify for participation,
individuals had to be between the ages of 8 and 18. Parti-
cipants were seen every 6 months for 2 years, for a total of
five possible visits. After each visit, participants were asked
to engage in two consecutive days of at-home salivary corti-
sol sample collection. Over the days of assessment, partici-
pants recorded their wake times and collected saliva samples
at 1, 4, 9, and 11 h after waking. Compliance was evaluated
using MEMS 6 TrackCap Monitors (Aardex Ltd., Switzerland).
Because waking and 30-min after wake samples were not
collected, only diurnal slope and total daily output were
calculated for this sample. Across participants who collected
saliva throughout the study, diurnal slope and total daily
output could not be calculated on 6.1% and 6.3% of days
respectively due to technical issues with collection or mea-
surement, primarily the failure to provide enough saliva.

2.1.2. Study 2
Data from this sample are from a longitudinal study of
depression and atherosclerosis among healthy adolescent
girls at risk for developing a first episode of major depression
(Miller and Cole, 2012). Individuals were eligible for the study
if they were female between the ages of 15 and 19, and at
high risk for developing a first episode of major depression.
The latter was defined as having either a first-degree relative
with a history of major depression, or scoring highly on one of
the two indices of cognitive vulnerability. A total of 147
participants were recruited.

Participants collected saliva for cortisol annually, at base-
line and 1- and 2-year follow-ups, for a total of three assess-
ments. Following each visit, participants were asked to take
part in two consecutive days of home salivary cortisol collec-
tion. For each day of assessment, participants recorded the
time they awoke and collected samples at waking, ½, 1, 4, 9,
and 14 h after waking. Participants were given a handheld
computer (Palm Zire 21) to aid in saliva collection by sounding
alarms at the necessary intervals based on a participant’s wake
time. To enforce compliance, the computer displayed a three-
digit code with each alarm that participants were required to
write on the corresponding Salivette container. These codes
were then matched to computer codes in our laboratory, and
samples without the correct code were excluded from ana-
lyses. CAR, total daily output and diurnal slope values were
calculated for each day of cortisol sampling. Across partici-
pants who collected saliva throughout the study, values for
CAR, total daily output, and diurnal slope could not be calcu-
lated on 15.9%, 11.7%, and 4.8% of days respectively due to
issues with compliance or measurement.

2.1.3. Study 3
A sample of 47 healthy adults was originally recruited as a
healthy control group for a longitudinal study on family
caregivers of patients undergoing treatment for brain cancer
(Rohleder et al., 2009). To be eligible to participate, indivi-
duals had to be at least 18 years old and free of major
stressors, such as bereavement and family illness. Due to
efforts to match the control group to the caregiver group, the
healthy control group consisted of mostly middle-age adults
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(see Table 1, baseline age range 23—78 years). Participants
visited the laboratory at baseline and had follow-up appoint-
ments two, six, and eight months later, for a total of four
possible visits. After each visit, participants underwent three
consecutive days of home monitoring. Every day during the
assessment period, participants recorded the time they
awoke and collected salivary cortisol samples at wake, ½,
1, 4, 9, and 14 h after waking. CAR, total daily output and
diurnal slope values were calculated for each day of cortisol
sampling. Across participants who collected saliva through-
out the study, values for CAR, total daily output, and diurnal
slope could not be calculated on 5.3%, 2.4%, and 1.8% of days
respectively due to issues with collection or measurement.

2.2. Salivary cortisol

Saliva was collected using cotton dental rolls (Salivettes;
Sarstedt, Nuembrecht, Germany). Participants were asked to
refrain from brushing their teeth, smoking, eating, and
drinking (except water) for at least 30 min prior to collection
time. To collect saliva, participants were instructed to chew
on the roll and move it around their mouth for 1 min until
fully saturated. After providing a saliva sample, participants
were told to place the cotton dental roll in the plastic
Salivette container and store samples in a refrigerator until
the home monitoring session was completed, at which point
packages were mailed back to our laboratory.

For Studies 1 and 2, completed saliva samples were shipped
to the Technical University of Dresden in Germany, where levels
of free cortisol were assessed in duplicate via a commercially
available chemiluminescence assay (IBL, Hamburg, Germany).
This assay had a sensitivity of 0.16 ng/mL, and intra- and
interassay coefficients of variation of less than 12%. For Study
3, completed saliva samples were shipped to Brandeis Uni-
versity, where free cortisol was also assessed in duplicate using
a commercial chemiluminescence assay (IBL-Hamburg, Ham-
burg, Germany). This assay had a sensitivity of 0.43 nmol/L,
and intra- and interassay coefficients of less than 10%.

2.3. Cortisol indices

Three cortisol indices were calculated for every day of
cortisol assessment: CAR, diurnal slope and total daily out-
put. Prior to calculation, cortisol values were log-trans-
formed to correct for non-normality, following standard
practices (Stone et al., 2001).

The CAR is defined as the increase in cortisol concentra-
tion that occurs during the first 30 min after awakening,
relative to wake values. CAR was quantified using an area-
under-the-curve technique (Pruessner et al., 2003). Briefly, a
right-angle triangle is formed by the time between the wake
and ½ h post-wake cortisol values (horizontal) and the log-
transformed ½ h post-wake cortisol value (vertical). The CAR
is calculated by taking the area of the triangle.

The diurnal slope is defined as the linear degree of change in
cortisol levels across the day, from morning to evening, exclud-
ing the CAR. It is calculated by linearly regressing the log-
transformed cortisol values against hours of the day, excluding
the ½-h post-waking sample (Stewart and Seeman, 2000).

The total daily output is defined as the total cortisol
output across a day, or total area under the cortisol curve,
excluding the CAR. It was calculated via a trapezoidal func-
tion using techniques described by Pruessner et al. (2003).
Briefly, a trapezoid is formed by two adjacent log-trans-
formed cortisol values (vertical) and between zero or ground
and the line drawn connecting the two cortisol values (hor-
izontal). Trapezoids, and their corresponding areas, are cal-
culated for wake—1 h, 1—4 h, 4—9 h and 9—14 h. Total daily
output is then calculated by summing the areas.

Cortisol sample sufficiency criteria varied by study. For
Study 1, if the 1 h post-wake sample was not collected
within 20 min of the expected time it was discarded. The
1 h post-wake sample had to be present, as well as two of
the 4, 9 and 11 h samples, in order to calculate the total
daily output or diurnal slope. If these requirements were
not met, neither the total daily output nor diurnal slope was
calculated. If only one of the 4, 9 and 11 h samples were
missing, then the missing data was imputed using the Excel
trend function. For Study 1, all cortisol indices were cal-
culated using the actual time of sample collection, as
electronically recorded by the MEMS cap.

For Studies 2 and 3, if the 1-h post wake sample was not
collected within 20 min of the expected time, or if the 4, 9 or
14 h post-wake samples were not collected within 60 min of
the expected time, they were discarded. If three or more of
the 1, 4, 9, and 14 h samples were missing then neither total
daily output nor diurnal slope were calculated for that day.
Otherwise, missing data were imputed using the Excel trend
function. If the waking cortisol sample was missing, this value
was imputed based on the same-day 1 h sample and the
percent difference between the waking and 1 h sample on a
consecutive day of assessment. If the 30 min post-wake sample
was not collected within 20 min of the expected time or was
missing entirely, then the CAR was not calculated. Again, all
cortisol indices were calculated based on the actual time of
sample collection, as electronically recorded on the Palm Zire.

3. Analytical strategy

To assess the stability of cortisol indices over time, a series of
multi-level models were estimated using HLM 6.08 software
(Raudenbush et al., 2004). Separate three-level models were
estimated for each available cortisol index for each study. In
all models each level represents a different unit of time. The
lowest unit was one of the cortisol indices calculated for each
day of sampling. As such, Level-1 represents the base-unit of
‘‘days,’’ Level-2 the intermediate-unit of ‘‘visits,’’ and Level-
3 the highest-unit of ‘‘persons.’’ Three sets of models were
run for each cortisol index for each study: intercept-only
models and time and between-person covariate models (see
below). For all models, estimated diurnal slopes and error
terms were allowed to vary freely.

3.1. Intercept-only models and partitioning
cortisol index variance

Three-level intercept-only models were constructed for each
cortisol index for each study, as shown below:

Level 1 : Cortisol indexi jk ¼ p0 þ ei jk

Level 2 : p0 ¼ b00 þ R0 jk

Level 3 : b00 ¼ g000 þ U00



Figure 1 Proportion of total cortisol index variance explained
by day-to-day factors (Level-1). Almost half or more of the total
cortisol index variance across indices and studies is accounted for
at this level.

Figure 2 Cortisol index stability visit-to-visit or between visits
(Level-2), arranged in order from shortest visit-to-visit follow-up
(Study 3) to longest (Study 2). Larger ICCs denote greater
stability over the time periods between visits. Across studies,
total daily output appears the most stable, followed by diurnal
slope and CAR. However, magnitude of stability estimates varies
from sample to sample.
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We modeled each cortisol endpoint as the value for that
particular index on day i, visit j, for person k. Intercept-only
multi-level models were used to partition the total variance
according to the nested time structure imposed by the
model, as represented by the intercept random effects for
each level. For each index, the Level-2 intercept random
effect, s2

R0, represents variance that is systematically
accounted at the level of ‘‘visits.’’ Similarly, the Level-3
intercept random effect, s2

U00, represents the variance that
is systematically accounted for at the level of ‘‘persons.’’ The
Level-1 intercept random effect, s2

e, quantifies the residual
cortisol index variance not accounted for by stability
between visits (Level-2) or between persons (Level-3). It
can be thought of as an error term, but when standard
practices for cortisol sample collection and analysis are
observed, the amount of variance in this random effect
due to unsystematic measurement error is negligible (Kirsch-
baum et al., 1990; Hellhammer et al., 2007). As such, the
Level-1 intercept random effect was interpreted as the
proportion of cortisol index variance attributable to short-
term or day-to day factors, and was calculated as a percen-
tage (Shirtcliff et al., 2012):

% ¼ s2
e

s2
e þ s2

R0 þ s2
U00

� 100

The stability of cortisol indices at the higher model levels
are quantified by intraclass correlation coefficients (ICCs),
defined as the proportion of between-unit variance to total
variance. At Level-2, the ICC represents cortisol index sta-
bility on a visit-to-visit basis, and is calculated as (Siddiqui
et al., 1996; Hox, 2010):

ICCvisit ¼
s2
R0 þ s2

U00

s2
e þ s2

R0 þ s2
U00

Calculating the Level-2 ICC in this fashion produces an
estimate of ‘‘real-world’’ cortisol index stability at the visit-
to-visit level (Hox, 2010).

An ICC can also be calculated at Level-3, which represents
cortisol index stability between-persons, the degree to
which a cortisol index is trait-like across the total follow-
up period of the given study, or on average how alike two
cortisol index values are within the same person, excluding
visit-to-visit stability (Snijders and Bosker, 2012). It is cal-
culated as follows (Hox, 2010):

ICCperson ¼
s2
U00

s2
e þ s2

R0 þ s2
U00

4. Results

Table 1 presents descriptive information, including each
study’s demographics and sampling procedures, and values
for the derived cortisol indices.

4.1. Intercept-only results

Figs. 1—3 display the primary results. In them we show
estimates of how much variance in each index is attributable
to day-to-day (i.e., Level-1; see Fig. 1), visit-to-visit (i.e.,
Level-2; see Fig. 2), and between-person factors (i.e., Level-
3; Fig. 3).

4.1.1. Study 1
Partitioning analyses revealed that half or more of the
variance in Study 1 cortisol indices was attributable to
day-to-day fluctuations. For total daily output, the percent
of variance at the Day level was 75.5%, and for diurnal slopes



Figure 3 Cortisol index variance that is stable between-per-
sons, or what is trait-like over the course of the follow-up,
arranged in order from shortest total study follow-up (Study
3) to longest (Study 2). Larger ICCs denote greater stability over
the course of the study. For Study 3, with total follow-up of less
than a year, cortisol index stability reflects Level-2 patterns,
with total daily output emerging as the most stable, followed by
diurnal slope and CAR. For Studies 1 and 2, with total follow-up of
more than a year, cortisol index stability is ICC = .13 or less.
Again, even over studies with similar follow-up times, cortisol
index stability estimates vary from study to study.
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it was 46.1%. Study 1 did not assess the CAR so it is not
reported here. Overall, these results suggest that the major-
ity of the variance in cortisol indices is due to short-term,
day-to-day or within-visit factors.

Analyses of the remaining variance indicated that statis-
tically significant portions could be attributed to both the
Visit and Person levels of the models. (For total daily output:
Visit x2(282) = 737, p < .001 and Person x2(114) = 195,
p < .001. For diurnal slope: Visit x2(283) = 379, p < .001
and Person x2(114) = 208, p < .001.) However, when ICCs
were calculated it was apparent that for total daily output,
most of this residual (non day-to-day) variance was explained
at the level of Visits (ICC = .54) rather than Persons
(ICC = .13). This was also true, but to a lesser extent, for
diurnal slope, where values were modest at both the Visit
(ICC = .25) and Person (ICC = .12) levels. As is apparent from
these data, over the 6-month epoch between visits, total
daily output values tend to be more stable than diurnal slope
values. However, these indices seem to have fairly similar,
and modest, levels of trait-like stability over the entire 2-
year study.

4.1.2. Study 2
Similar to Study 1, partitioning analyses revealed that half or
more of the cortisol index variance in Study 2 was attribu-
table to day-to-day fluctuations: 51.3% for total daily output,
76.6% for diurnal slope and 88.6% for CAR. These results
mirror those from Study 1, indicating that the majority of
variance in cortisol indices is due to day-to-day or within-visit
factors.

Again, most of the remaining variance was attributable to
the level of Visits. Indeed, statistically significant portions of
residual variance in each index could be attributed to Level-
2, or Visit: Total daily output, x2(155) = 440, p < .001, diurnal
slope, x2(160) = 263, p < .001, and CAR, x2(149) = 226,
p < .001. By contrast, the amount of residual variance
explained at Level-3, or Person, was not significantly differ-
ent from zero for either total daily output, x2(123) = 120,
p > .50, or diurnal slope, x2(123) = 123, p > .50. These
results indicate that, at least in this sample, total daily
output and diurnal slope demonstrated no discernable
trait-like tendencies over the 2 years of total follow-up.
By contrast, a statistically significant portion of the residual
variance in the CAR was attributable to the Persons level,
x2(123) = 154, p = .032.

Follow-up calculations revealed that for the 12-month
epochs between visits, ICCs were .487, .234, and .114 for
total daily output, diurnal slope, and CAR, respectively. As in
Study 1, total daily output displayed the most between-visit
stability of the indices. Because the Person Level did not
explain significant residual variance in total daily output or
diurnal slope, we did not estimate Level-3 ICCs for these
indices. For CAR, this value was .087.

4.1.3. Study 3
As in Studies 1 and 2, partitioning analyses indicate that
almost half or more of cortisol index variance in Study 3 was
due to day-to-day fluctuations: 44.4% for total daily output,
52.7% for diurnal slope, and 78.1% for the CAR. Again, this
mirrors the pattern observed in Studies 1 and 2, with the
majority of the variance in cortisol indices is due to short-
term, day-to-day factors.

Of the remaining variance, significant portions were attrib-
uted to both the Visit level (total daily output, x2(114) = 321,
p < .001, diurnal slope, x2(114) = 270, p < .001, and CAR,
x2(114) = 164, p = .002) and Person level (total daily output,
x2(43) = 154, p < .001, diurnal slope, x2(43) = 128, p < .001,
and the CAR, x2(43) = 84.2, p < .001). Again, calculated ICCs
revealed that most of the residual, non day-to-day was
explained at the level of Visits (total daily output:
ICC = .556, diurnal slope: ICC = .473, CAR: ICC = .219) rather
than at the level of Persons (total daily output: ICC = .295,
diurnal slope: ICC = .230, CAR: ICC = .098). As in Study 1, over
the average 3 months between visits, total daily output and
diurnal slope values tended to be more stable than CAR. Over
the average 8 months of study length, stability of all indices
was modest.

4.1.4. Summary
Across studies and cortisol indices, the majority of the
variance was attributable to short-term, day-to-day fluctua-
tions. Of the indices, total daily output tended to be the most
stable and trait-like, followed by diurnal slope, and then
CAR. For illustrative purposes, we compared these stability
estimates to those of two classic trait-like variables. Using
the same partitioning analyses, we estimated stability coef-
ficients in Study 2 for the personality traits Extraversion and
Conscientiousness, which had been assessed annually with
the Big Five Inventory (John et al., 1991), a widely used and
extensively validated self-report measure of personality



1 The Spearman—Brown Prophecy formula is derived from Classic
Test Theory, which assumes that values consist of a ‘‘true score’’ and
measurement error. In other words, it applies to passive systems with
a degree of inaccuracy. It is probably not appropriate to apply this or
any Classic Test Theory formula to values from an adaptive, changing
system. As such, the values given are meant to be rough estimates.
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(John et al., 2008). The ICCs at the highest level of the
models were .77 and .75, respectively, suggesting a high
degree of stability over 2 years of follow-up. None of the
cortisol indices assessed here had stability coefficients that
approached these values, even in the middle-aged sample
(Study 3) or over the shortest time span between assessments
(2.3 months, Study 3). We did the same analyses with
depressed mood from Study 2, measured annually with the
Beck Depression Inventory (Beck et al., 1961). The ICC at the
highest level of the model was .48, a value greater than most
of the cortisol indices stability estimates calculated here.

Also notable here are the differences in stability across
studies. Across cortisol indices, estimates of stability tended
to be higher in Study 3, which consisted of adults with a mean
age of 50 years and shorter time between consecutive visits,
compared to the other studies, which were comprised of
children and adolescents with longer follow-ups.

4.2. Covariate models

It is possible that variations in sample timing, between visit
lags, and follow-up lengths could be introducing systematic
‘‘noise’’ that constrains stability estimates. To test this
possibility, we added variables to models reflecting weekend
vs. weekday assessment, waking times, and between-visit
length (see Supplemental material for more information).
Stability estimates were re-calculated and compared to
those from the simpler intercept-only models. Although
including these covariates did change some of the stability
estimates, the effect was neither systematic nor powerful:
Most of the stability estimates were not greatly affected
(Supplemental Tables 1 and 2). As such, we concluded that
systematic variance in the timing of cortisol assessments does
not appear to have substantially augmented our stability
estimates.

It is also possible that the stability of cortisol indices is
being obscured by individual difference variables, such as
age, gender or body mass index (BMI). However, when we
introduced these variables at Level-3, the stability estimates
were only minimally affected (Supplemental Tables 3 and 4).

5. Discussion

The purpose of these analyses was to assess how state-like or
trait-like common cortisol indices are, over both short- and
long-term intervals, and in multiple healthy samples that
span childhood through to middle-age. Across the studies and
cortisol indices, half or more of the variance was partitioned
at the day level, indicating that all of the indices exhibit
state-like properties, characterized by substantial day-to-
day fluctuations. The degree of stability varied somewhat
across indices, with total cortisol output generally emerging
as the most stable, followed by the diurnal slope and the CAR.
However, none of the cortisol indices showed the degree of
stability characteristic of classic traits like Extroversion and
Conscientiousness, even under our most intensive assessment
schedule (i.e., Study 3: saliva was collected 3 days per visit
with 3 months between visits). These findings are consistent
with previous reports on cortisol stability from Shirtcliff et al.
(2012), who reported a 6-year stability estimate for the
diurnal slope of .13, and Platje et al. (2013), who reported
a 3-year CAR stability estimate of .17, as well as case studies
demonstrating considerable day-to-day variation in the CAR
(Stalder et al., 2009, 2010). Collectively, these findings
suggest that, at least in healthy populations, the HPA axis
is best viewed as a dynamic system, whose activity changes
substantially from day-to-day.

These findings have implications for theory and research
on cortisol in health psychology and related disciplines. In
particular, focusing on short-term cortisol fluctuations may
be an especially fruitful research avenue. Indeed, daily
variations in negative mood (Adam et al., 2006; Giesbrecht
et al., 2012), being alone or with other people (Adam, 2006;
Matias et al., 2011), and interactions with other individuals
(Papp et al., 2009; Slatcher et al., 2010) have been shown to
co-vary with cortisol indices. There is also initial evidence
that daily variations in cortisol indices co-vary with health
indicators measured over the same time scale, such as self-
reports of physical well-being (Adam et al., 2006) and joint
pain severity (Savla and Almeida, 2008). However, more
research of this nature is needed to clarify what role daily
variations in cortisol plays on the pathway from stress to
health. This work needs to focus on how daily swings in
cortisol activity relate to downstream biological processes
relevant to disease (e.g., daily variations in blood pressure,
glucose regulation, etc.) and subjective reports of patient
well-being (e.g., waxing and waning of symptoms).

Considered alongside the studies by Shirtcliff et al. (2012)
and Platje et al. (2013), our findings suggest more limited
prospects for research that approaches cortisol activity as a
stable, trait-like feature of individuals. Across the studies
reported here, cortisol indices displayed what could be
called modest stability between visits, and even more limited
durability over follow-up periods exceeding 1 year. To put
these estimates into context, we used the Spearman—Brown
Prophecy formula1 to estimate how many study visits would
be needed to achieve visit-to-visit stability of .60 for each
index (Kingston and Tiemann, 2010). An ICC of .60 would
suggest that 60% of the total variance reflects stable
between-person differences, a value that is less than what
we observed for personality characteristics like Extroversion
and Conscientiousness, but still within the realm of what
many psychologists would view as a reasonably durable
individual difference. The most optimistic scenario was for
achieving a stable total daily output measure in subjects like
those who participated in Study 3 (Supplemental Table 5). To
do that, one would need five visits, spaced on average 3
months apart, each of which entailed 3 days of sampling, with
six collections per day. The least optimistic scenario entailed
obtaining a .60 stability for CAR in subjects like those from
Study 2. To do that, one would require 35 annual visits, with 2
days of sampling each, six collections per day. These esti-
mates suggest that the temporal properties of cortisol indices
vary a great deal, and that the feasibility of obtaining an
estimate of stable, between-person activity does as well.
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Unfortunately, stability estimates are not likely to be sub-
stantially improved by simply increasing the number of con-
secutive sampling days. When calculating stability estimates
at Levels 2 and 3, our multilevel models took sampling days
into account (Snijders and Bosker, 2012), essentially aggre-
gating across the days subsumed within a visit. It is the case
that including more sampling days within a visit will produce
a more stable within-visit or day-to-day cortisol index aggre-
gate (Hruschka et al., 2005; Hellhammer et al., 2007), but
that will not necessarily translate into differences in stability
over longer time intervals, such as months and years.

If as our data suggest, cortisol indices behave in a state-
like manner, why might they have predicted longer-term
health outcomes in some research? For example, in a 7-year
study of patients with breast cancer (Sephton et al., 2000)
reported flatter diurnal slopes presaged early mortality. And
in study of adolescents and young adults, a high CAR pre-
dicted major depressive episodes 2.5 years later (Vrshek-
Schallhorn et al., 2013). This is a difficult question to answer.
One possibility is that people may vary in terms of cortisol
index temporal stability. That is, although cortisol indices
may have low stability generally or in healthy groups, there
may be subgroups of healthy individuals or specific popula-
tions, such as medical patients or the elderly, who do not
demonstrate plastic cortisol activity and/or consistently dis-
play a high total daily output, flat diurnal slope, or blunted
CAR. If cortisol output is stably aberrant in these groups, it
may confer increased susceptibility to disease-related pro-
cesses that develop over protracted periods of time. Further
research is required to assess cortisol index stability in
medical patients or the elderly. For currently healthy sub-
groups, however, multi-wave datasets like ours could be used
in conjunction with growth-mixture modeling to identify
subgroups of highly stable individuals (if they exist) and
evaluate their health outcomes. Indeed, it is possible that
subgroups defined by age, gender or lifestyle factors, such as
obesity, may vary in cortisol index stability.

There were several limitations to our analyses. First, the
cortisol assessment schedule across studies produced a
degree of freedom limitation in our models, restricting
the number of covariates we could model and limiting
power to detect significant random effects. Issues with
power, however, should not have affected the size of our
stability estimates. Another limitation related to restricted
degrees of freedom is that we were unable to consider all
variables that may have been introducing systematic
‘‘noise’’ or variability, and potentially masking ‘‘true sta-
bility,’’ such as daily stress, negative affect, sleep quality,
puberty status, and health behaviors (Adam and Kumari,
2009). It is possible that if these variables were included in
the model, stability estimates would have improved. How-
ever, controlling for puberty status did not greatly change
long-term CAR and diurnal slope stability estimates in the
Shirtcliff et al. (2012) and Platje et al. (2013) models. Data
sets with more frequent cortisol sampling would be neces-
sary to assess the influence of other moment-to-moment
variables. However, if including these variables in models
did boost stability estimates, it would only provide further
evidence of the state-like tendencies of cortisol indices. It
should also be acknowledged that the diurnal saliva profiles
are only one technique for measuring cortisol secretion.
Other techniques, like analysis of hair cortisol, may prove
to be superior indicators of trait-like cortisol production
and total exposure over long periods of time (Stalder et al.,
2012), and cortisol reactivity to challenges may better tap
state-related changes in HPA axis activity. Lastly, although
our samples consisted of healthy community participants,
they were not selected to be representative of the popula-
tion at large. They also do not represent the full range of
the lifespan. Further analyses are required to establish
healthy and developmentally representative population
norms.

In summary, most of the variance in cortisol indices in
healthy samples is due to short-term, day-to-day fluctua-
tions, reflecting the adaptive, dynamic activity of the HPA
axis. These features need to be considered in theoretical
frameworks that emphasize cortisol as a stress-health med-
iator, and in research designs that call for capturing ‘‘trait-
like’’ differences in this hormone’s activity.
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