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Stress-induced dysregulation of diurnal cortisol is a cornerstone of stress-disease theories; however, observed
associations between cortisol, stress, and health have been inconsistent. The reliability of diurnal cortisol features
may contribute to these equivocal findings. Our meta-analysis (5 diurnal features from 11 studies; total partic-
ipant n = 3307) and investigation (15 diurnal cortisol features) in 2 independent studies (St. Louis Personality
and Aging Network [SPAN] Study, n = 147, ages 61-73; Minnesota Longitudinal Study of Risk and Adaptation

[MLSRA] Study, n = 90, age 37) revealed large variability in the day-to-day test-retest reliability of diurnal
features derived from salivary cortisol data (i.e., ICC = 0.00-0.75). Collectively, these data indicate that some
commonly used diurnal cortisol features have poor reliability that is insufficient for individual differences
research (e.g., cortisol awakening response) while others (e.g., area under the curve with respect to ground) have
fair-to-good reliability that could support reliable identification of associations in well-powered studies.

1. Introduction

All organisms seek to maintain homeostasis by dynamically regu-
lating physiology and behavior in response to internal and external cues.
Stress, which occurs when one perceives inadequate resources to
confront environmental pressures, disrupts homeostasis [1]. Although
stress can evoke adaptive responses to immediate challenges when
motivation is high and resources are available, stress exposure is among
the strongest predictors of the onset and course of many negative mental
and physical health outcomes [2]. The ubiquity of stress and its patho-
genic effects has inspired extensive efforts to understand the biological
mechanisms through which stress may influence health.

Studies evaluating biological mechanisms through which the path-
ogenic effects of stress emerge predominantly focus on cortisol [3]. As
the end product of the neuroendocrine hypothalamic-pituitary-adrenal
(HPA) axis, cortisol follows a diurnal rhythm wherein levels peak
immediately upon awakening and decline slowly over the course of the
day. Stress exposure may induce negative health outcomes by dysre-
gulating this diurnal rhythm [4]. Specifically, evidence has linked
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blunted (i.e., flatter) diurnal cortisol fluctuation to negative health
outcomes [5] and shown that such blunted diurnal rhythm can be
induced by chronic stress in non-human animal models [6] and is
associated with chronic stress in humans [7]. This evidence, combined
with practicalities (e.g., ease of at-home collection and quantification
via reliable inexpensive assays), has contributed to cortisol beings one of
the most studied biological phenotypes of stress and health.
Unfortunately, though pervasive in stress- and health-related
research, cortisol studies tend to produce mixed results. For example,
an abnormal cortisol awakening response (CAR) has been associated
with depression in some studies (e.g. Refs. [8,9], but results are incon-
sistent (e.g., Refs. [10,11]. Among many factors (e.g., study design dif-
ferences), widespread variability in reliability (.e.,
measurement/estimation consistency) may contribute to these incon-
sistent findings. As the observable correlation between two variables is
their true correlation multiplied by the square root product of their
reliability, poor measurement reliability lowers statistical power [12,
13] and can produce misleading results. State-related variability and
measurement error in diurnal cortisol features has been well
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acknowledged [14,15]; however, only a few studies have assessed the
reliability of day-to-day diurnal cortisol metrics, with reliability esti-
mates ranging from 0.15 to 0.78 (Table 1). Thus, a critical step towards
producing more consistent results is systematically examining the reli-
ability of common diurnal cortisol metrics.

In the present study, we first conducted a meta-analysis of existing
day-to-day diurnal cortisol reliability studies (n = 11 studies from 10
publications). Second, we estimated the reliability of day-to-day diurnal
cortisol features (e.g., cortisol awakening response, area under the
curve, etc.) in two independent samples: the Saint Louis Personality and
Aging Network (SPAN) study (n = 147, ages 61-73) and the Minnesota
Longitudinal Study of Risk and Adaptation (MLSRA; n = 90, age 37).
Using data from SPAN, we examined whether protocol adherence and
other factors (childhood maltreatment, race, sex) influenced cortisol
reliability. Given the burden of saliva collection on participants and
cortisol processing on researchers, we also estimated whether the most
reliable index of diurnal cortisol could be recapitulated using fewer
samples per day and whether such an index is reliable. We expected
wide variability in estimated reliability across diurnal cortisol features.
More specifically, we hypothesized that features that integrate more
cortisol samples (e.g. area under the curve metrics) would be more
reliable than difference scores (e.g. cortisol awakening response). This
would be consistent with past reliability studies (Table 1) as well as
evidence that the combination of multiple measures typically improves
reliability [16] while difference scores lower measurement reliability
[17].

2. Methods
2.1. Meta-analytic reliability of cortisol features

A systematic search was used to identify published studies reporting
on the reliability of salivary diurnal cortisol metrics. PubMed and
Google Scholar as well as the reference lists of included studies were
searched by author SAN. Search terms included “cortisol” AND “reli-
ability” OR “stability” OR “ICC.” Only peer-reviewed empirical journal
articles published in English and reporting on ICC of salivary cortisol
across at least 2 days and within 30 days were included. Dates of pub-
lication and age of subjects were not restricted, but studies were
excluded if there was not a healthy control group. Our search identified
10 published manuscripts reporting on diurnal features of cortisol reli-
ability for meta-analysis (Table 1). To calculate confidence intervals
around reported ICCs, a Fisher r-to-Z transformation was applied, con-
fidence intervals were calculated, and the results were back-
transformed. Then, a random-effects meta-analytic model was fitted
using the metafor package in R to report meta-analytic ICCs [18].

2.2. Independent studies assessing diurnal cortisol reliability

2.2.1. Participants

SPAN. The St. Louis Personality and Aging (SPAN) study began in
2007 and is an ongoing longitudinal protocol assessing a wide range of
personality, health, social, and biological characteristics in a represen-
tative community sample of older adults residing in the St. Louis, Mis-
souri area [19]. Individuals were excluded if they lacked a permanent
residence, could not read at a 6th-grade level, or had active psychotic
symptoms. Each participant completed a 3-h in-person assessment at
baseline (N = 1630; baseline), and 3 subsequent in-person follow-up
(IPFU) sessions occurring approximately every 2-3.5 years (see Sup-
plemental Fig. 1). Participants were also asked to complete a short
sequence of mailed or online follow-up (FU) questionnaires every 6
months after entering the study.

Take-home saliva collection kits were provided at the second IPFU
session (IPFU-2; data collected between December 2014 and August
2017) to a subset of white and black participants who reported either
high (n =73) or low (n = 73; groups recruited to be balanced on race and
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sex) maltreatment during childhood (Table 2).! Childhood maltreat-
ment was assessed at IPFU-2 using the 28-item Childhood Trauma
Questionnaire (CTQ [20], which retrospectively assesses emotional,
physical, and sexual abuse, as well as emotional and physical neglect,
before the age of 17. Participants reporting moderate or greater levels of
childhood maltreatment according to CTQ scoring cut offs on the
emotional abuse (>13), physical abuse (>10), physical neglect (>10), or
sexual abuse (>8) subscales were recruited for the high childhood
maltreatment group (emotional neglect was not used to define the high
maltreatment group). Participants in the low childhood maltreatment
group reported no/minimal childhood maltreatment on all 5 CTQ sub-
scales (<8 for emotional abuse, <7 for physical abuse, <5 for sexual
abuse, <9 for emotional neglect, <7 for physical neglect). All partici-
pants consented to the SPAN protocol, which was approved by the
Washington University in St. Louis Institutional Review Board. They
received $60 for each in-person session and $40 for competing salivary
data collection.

MLSRA. The Minnesota Longitudinal Study of Risk and Adaptation
(MLSRA) is an ongoing longitudinal study focusing on the assessment of
social relationship experiences [21,22]. From 1975 to 1976, pregnant
women (n = 267) living below the poverty line who were receiving free
healthcare services at the time of enrollment were recruited. Their
children (n = 267) became the MLSRA cohort. They were assessed at
birth and every 6 months until 2 !4, then yearly through 3rd grade, three
times between ages 9 and 13, and at ages 16, 17 4, 19, 23, 26, 28, and
37. Salivary cortisol data was collected at the 37-year follow-up
assessment (n = 90).

2.2.2. Measures

2.2.2.1. Salivary Cortisol Collection and Assay. Cortisol Collection in
SPAN. Participants were issued take-home saliva collection kits that
consisted of instructions (Supplementary Material), a self-report sample
log, and a jug fitted with a Medication Event Monitoring System
(MEMS®) Cap (Aardex Group, Serain, Belgium) that logged each time
the jug was opened. Inside the jug were 28 Salivettes® (Sarstedt) to
facilitate the collection of 6 saliva samples/day over 4 days (only 3 days
were assayed, described below) as well as 4 extra Salivettes that could be
used if collection issues occurred.

Participants were instructed to collect samples on sequential week-
days at the following times: immediately upon waking (before getting
out of bed or doing any activity, T1), 30 min after waking (T2), 2.5 h
after waking (T3), 8 h after waking (T4), 12 h after waking (T5), and
bedtime (T6). Participants were asked to record the exact times of
sample collection in a log book and told that the MEMS Cap would also
log each time the jug was opened. Self-reported and MEMS® Cap times
were highly correlated (r = 0.94; additional information provided in
Supplemental Table 1). Self-reported time was used for all analyses but
was replaced with MEMS® Cap times when self-reported times were
missing (n = 21). Participants were also asked to record instances of
food, caffeine, alcohol, and tobacco intake, exercise, stressful events
they may have experienced, and medications or drugs they took that
day.

Cortisol Assay in SPAN. For each participant, 3 of the 4 collected
days were assayed (total n = 2646 samples assayed). All within partic-
ipant samples were collected within 4 days of one another. The non-
assayed day was selected for exclusion due to relatively worse adher-
ence (e.g., sample collected at a time different from instructions) or the
occurrence of unusual events (e.g., a major stressor). As participant data
were collected within a broad temporal window (December
2014-August 2017), we explored whether data differed in reliability
across 9-month windows. There was no evidence that reliability differed

1 One person included in the analysis was not in either the “high” or “low”
CTQ group, bringing the total number of participants to 147.
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Table 1
Summary of studies evaluating the ICC of salivary cortisol-derived features.
Almeida Bakusic Golden Hellhammer et al. Kuhlman Rotenburg et al. Tomarken Viardot Wang et al. Zhang
et al. et al. et al. et al. et al. et al. et al.
Year of 2010 2019 2014 2007 2019 2012 2015 2005 2014 2017
publication
N 1143 18 935 193 59 264 27° 20 580 95
Mean age (age 57 (23-39) 65 Younger group: 36.2 11.02 12.4 (9-18) 9.72 32.5 63.7 18.72
range) of (33-84) (45-84) (26-46) Older (8-13) (7.02-12.85) (20-58) (45-84) (17-21)
sample group: 71.0 (63-88)
Samples per day 4(4) 3(7) 6 (3) 4 (6) 4 (8) 5(3) (Study 1) 6 4(3) 2 (1) 6 (3) (Wave 5(3)
(number of (2) (Study 2) 1)8(2)
sampling (Wave 2)
days)
Time interval 4 days 1 week 3 days 6 days 3 weeks 2-64 days (97% of 3 days 1 day 3 days 2 weeks
samples returned (Wave 1) 2
within 14 days) days (Wave
2)
Assay CLIA LC-MS/ CLIA DELFIA ELISA DELFIA RIA RIA CLIA LC-MS/
MS MS
Reliability Scores
Wakeup (T1) 0.22 0.15 0.48 0.49 0.40 0.45 0.47 0.52 (Wave 0.43
1) 0.52
(Wave 2)
Peak (T2) 0.37 0.54 0.63 0.49
Late Morning 0.37 0.20
(T3)
Afternoon (T4) 0.32 0.42
Evening (T5) 0.41
Bedtime (T6) 0.50 0.21 0.44 0.78
CAR Incline 0.28 0.46 0.38 0.31 (Wave
1) 0.18
(Wave 2)
CAR AUC AUCg: .25 AUCg: .85 AUCi: .71 0.49
AUCI: .29
AUCg 0.66 0.58 0.67 (Wave 0.56
1) 0.74
(Wave 2)
AUCi 0.26
Early Decline 0.37 0.33 (Wave
(ED) 1) 0.27
(Wave 2)
Late Decline 0.32 0.29 (Wave
(LD) 1) 0.27
(Wave 2)
Maximum 0.33
Decline (MD)
Diurnal Slope 0.71 0.27

Table 2
Demographic information of SPAN participants included in the salivary cortisol
analysis.

Total High Low
Adversity Adversity
Mean age (SD) 67.3 67.3 (3.0) 67.2 (3.2)
3.1
Age range 61-73 61-73 61-73
Sex
Male 65 (44%) 29 (40%) 37 (51%)
Female 82 (56%) 44 (60%) 36 (50%)
Race
Black 61 (42%) 30 (41%) 31 (43%)
White 86 (59%) 43 (59%) 42 (58%)
Education
Less than high school 2 (1%) 2 (3%) 0 (0%)
High school or GED 20 (14%) 13 (18%) 7 (10%)
Some college 29 (20%) 13 (18%) 15 (21%)
Vocational school 10 (7%) 6 (8%) 4 (5%)
2-year degree 10 (7%) 7 (10%) 3 (4%)
4-year degree 33 (23%) 11 (15%) 22 (30%)
Master’s degree 31 (21%) 16 (22%) 15 (21%)
Doctoral degree (PhD) 6 (4%) 3 (4%) 3 (4%)
Professional degree (e.g. MD or 5 (3% 1 (1%) 4 (5%)

JD)

according to when samples were collected (see Supplemental Table 2).

Cortisol was assayed in duplicate using commercially available
enzyme-linked immunosorbent assays (SLV2390R Salivary Cortisol
ELISA DRG International Inc., USA). Average intra- and inter-assay CVs
were acceptable (<9% and <15%, respectively). Samples producing
unreliable measures (i.e., intra-assay CVs >20%) even after being re-
assayed in duplicate were excluded (n = 46). Further, because T2 is
meant to capture the peak of the cortisol awakening response, this
sample was excluded if the time between T1 and T2 was <20 min, or
>50 min, or if the time was not recorded (n = 42 samples).

As expected, cortisol values were positively skewed (skew = 1.62).
To reduce skew and maintain consistency with prior investigations of
salivary cortisol, all data were log-transformed prior to analyses (see
Supplemental Table 3). All reported cortisol data represent log-
transformed cortisol concentration in ng/mL. Outliers were calculated
by computing means and standard deviation for each time point using
the data from all three days; values that were +2.5 standard deviations
from the mean (after log-transformation) for that time point were win-
sorized (n = 50). None of the samples included in analyses were under
the minimum detection limits of the assay. Following quality control,
2302 individual time points from 147 individuals were used in the final
analytic sample. More information about removed data can be found in
Supplemental Table 4.
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Cortisol Collection and Assay in MLSRA. Cortisol collection and
processing for the MLSRA study have been previously described [22].
Briefly, at age 37, participants (n = 90) provided five saliva samples on
each of two consecutive days by passively drooling through a straw into
a labeled vial. Participants were instructed to collect samples at the
following times: immediately upon waking (T1), 30 min after waking
(T2), 1 h after waking (T3), in the afternoon (T4), and just before going
to bed (T5). MEMS® Caps were used to confirm when the saliva samples
were provided and to corroborate self-reported sample times. When the
self-reported and MEMS® Cap times differed, the MEMS® Cap time was
used. Participants mailed their samples back to the University of Min-
nesota, where the samples were stored at —20 °C before being shipped to
the University of Trier, Germany, for assaying using time-resolved
fluorescence immunoassay (dissociation-enhanced lanthanide fluores-
cent immunoassay, or DELFIA). Each sample was assayed in duplicate,
and results of the two assays were averaged. All cortisol data were
log-transformed prior to analyses to correct for positive skew.
Log-transformed data were windsorized to 2.5 standard deviations
above the mean (n = 14).

2.2.2.2. Calculation of cortisol features. Calculated cortisol features are
depicted in Fig. 1 and described below (formulas are provided in
Table 3). Throughout formulas, T represents cortisol concentration es-
timates at each collection time and t represents the time (e.g., 7:30 a.m.)
of sample collection.

2.2.2.2.1. Total area under the curve (AUC). Area under the curve
was calculated with respect to ground (AUCg) and increase (AUCI; [23].
AUCg covers the entire area under the curve and was calculated as fol-
lows:

T1+T22x (t2—tl) + T2+ T32 x (t3—tl) + ... T5+ T6/2 x (t6 —t5)
using all time points (SPAN T1-T6; MLSRA T1-T5).

AUCi only includes the increase from waking cortisol (T1) and was
calculating by subtracting total time multiplied by the concentration at
T1 (e.g., in SPAN: (t6 — t1) x T1) from the value for AUCg. For both
AUCg and AUCI calculations, if a sample estimate for T3-T6 was not
available (e.g., not provided by the participant), it was replaced with the
previous time and value (e.g. if T4 was previously excluded, T3 and t3
were used instead).” A day was excluded if T1 or T2 was not included in
the raw data or if the day had fewer than 3 included time points. The
SPAN and MLSRA datasets had final analytic samples of 131 and 90
participants, respectively, for both AUCg and AUCi.

2.2.2.2.2. Cortisol awakening response (CAR). Cortisol awakening
response (CAR) was measured according to concentration difference
(CAR[pcline) and area under the curve (CARayc). CARpncline Was calcu-
lated by subtracting T1 from T2 (T2 — T1). CARayc was calculated as
follows: (T2 + T1/2) x (t2 — t1). For both measures, a day was excluded
if its values for either T1, T2, t1, or t2 were excluded from the raw data
(as described above). This resulted in a final analytic sample of 131
participants for both CAR}pjine and CARpyc in the SPAN dataset. In the
MLSRA dataset, there was a final analytic sample of 83 participants for
CARIncline and CARAUc.

2.2.2.2.3. Early Decline (ED) slope. Early Decline (ED) represents
the steepest decline in cortisol levels, from peak to T3. EDsjope Was
calculated using the following formula: T3 — T2/q 4o If T1 was

higher than T2, T1 and t1 were used in the calculation instead. Exclusion
criteria were the same as CAR. Additionally, a day was excluded if T3
was excluded or if t3 was not recorded. There was a final analytic sample
of 127 participants for EDgjope in the SPAN datasets. EDgjope Was not
calculated in the MLSRA dataset due to the short time period between
sample collection for T2 (i.e., 30 min after waking) and T3 (i.e., 1 h post
waking).

2 This was determined after establishing that correlations across these time
points are highly correlated among individuals with complete data.

Comprehensive Psychoneuroendocrinology 16 (2023) 100191

2.2.2.2.4. Late decline (LD) slope and late decline area under the
curve. Late Decline (LD) represents the slope of the decline in cortisol
during the later hours of the day where cortisol is declining less steeply
from T3 to the end of the night (Tfnq;, T6 in SPAN, TS5 in MLSRA; [24,25].

This was calculated with the equation Tf,q — T3 /tﬁ - 13 Area under
nal

the curve for late decline was also calculated (LDayc) using the equation
T3+ T42x (t4 — t3)+ T4+ T52x (t5 — t4)+ TS5+ T62 x (t6 — t5).
For both measures, if either T3 or t3 were excluded, T4 and t4 were used
instead. Similarly, if the last time point (Tpq) OF tfinal) wWas excluded (T6
in SPAN, T5 in MLSRA), the previous concentration and time were used
instead. If both T3 or t3, and Tpna O tfing Were missing, the day was
excluded. There was a final analytic sample of 137 participants for
LDsjope and LDayc for the SPAN dataset. There was a final analytic
sample of 90 participants for LDgjope and LDayc for the MLSRA dataset.
2.2.2.2.5. Maximum decline. Maximum Decline represents the
decline in concentration from the highest to the lowest value. Because of
the cortisol awakening response, T2 is expected to be the peak value,
therefore the equation T2 — [minimum concentration] was used. How-
ever, to account for possible delays in sample collection upon waking, if
T1 was higher than T2, T1 was used for the calculation. Exclusion
criteria were the same as reported for CAR variables. Additionally, a day
was excluded if there were 3 or fewer included samples for that day. For
Maximum Decline there was a final analytic sample of 129 participants
for the SPAN dataset and 90 participants for the MLSRA dataset.
2.2.2.2.6. Diurnal slope. Diurnal Slope was calculated as the slope
between cortisol concentration at T2 and the final collection time point
using the equation Tpng — T2 /Tﬁnal i As with the Maximum Decline

calculations, T2 and t2 were replaced with T1 and t1 if T1 was a higher
value. Because cortisol is relatively stable in the evening, if T6/t6 was
missing or excluded, T5 was used in the calculation instead. Criteria for
exclusion were the same as CAR variables. In addition to these, if both
T5/t5 and T6/t6 were missing or excluded the day was excluded. There
was a final analytic sample of 129 participants for Diurnal Slope for the
SPAN dataset and 90 participants for the MLSRA dataset.

2.2.2.3. SPAN protocol adherence. Protocol adherence was assessed
using the compliance score system described by Ref. [24]. Raw differ-
ence scores (between self-report and MEMS® Cap times) were highly
skewed at every time point; therefore, a point system was used to split
participants into high, medium, and low protocol adherence categories.
For each sample, the absolute value of the difference between the
self-reported time and the MEMS® Cap time was calculated and given a
score from O to 3. Differences of less than 5 min were given a score of 3,
differences of 5-10 min were given a score of 2, differences of 10-15 min
were given a score of 1, and differences of greater than 15 min were
given a score of 0. Thus, higher scores indicated greater protocol
adherence. Scores were averaged across all available time points, and
participants were split into the three adherence categories based on the
tertiles of the distribution (see Supplemental Table 5).

2.2.3. Statistical analyses

2.2.3.1. Reliability of cortisol features. Participants were required to
have each cortisol index measured on at least 2 days to be included in
analyses for that feature. All data analysis was conducted in R using the
packages rptR, lme4, and lmerTest [26-28]. For each of the
multi-timepoint cortisol features as well as individual timepoints (SPAN
n = 6, MLSRA n = 5), intraclass correlation coefficients (ICCs) across the
2-3 days were estimated using linear mixed models. Days were entered
as a fixed effect and persons were entered as a random effect to account
for within-subject correlation. All models were first estimated using
restricted maximum likelihood (REML) without any covariates. ICCs
were calculated as the ratio of between-subject variance (6,2) to the

. 2
total variance (ap2 +o04°), or:
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Slope Features of the Diurnal Cortisol Curve
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AUC Features of the Diurnal Cortisol Curve

AUC
OCARAUC
Glate Decline AUC

Frmm————
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T2 T3 T4 T5 T6 ™ T2

=

Fig. 1. Graphical depiction of features of the cortisol curve calculated in this study. Not shown is the Maximum Decline feature, which was calculated as the lowest
measured cortisol value (usually, T6) from the largest measured cortisol value (usually, T2). CAR = Cortisol awakening response, AUC = Area under the curve.

Table 3

a. ICC values for cortisol features evaluated in the SPAN dataset (a) and MLSRA dataset (b). Bolded values are >0.40, indicating fair reli-
ability. Throughout formulas, T represents cortisol concentration estimates at each collection time and t represents the time (e.g., 7:30 a.m.)

of sample collection.

(@

Variable Name Formula ICC (95% C1) |

T1 (Wakeup) 1 043 (0.32-05:) [T
T2 (Peak) T2 ol
T3 T3 0.34  (0.22 - 0.45) _
. = e
5 5 om (042-061 M
T6 (Bedtime) 16 045 _(0.34-0.55) |
CAR Incline rz-m 017 (0.03-0.30) _

T3 -T2
Early Decline (ED) Slope /i3 -2 0.26  (0.14 - 0.40) _

T6 —T3
Late Decline (LD) Slope fe6 —t3 0.7 (0.06 - 0.28) _

T6 —T2
Diurnal Slope /t6 —¢2 0.38  (0.24 - 0.49) _
M Decline (Mp) |72 ~ [minimum concentration] 0.45 (0.32-0.58) ———
AUCg IR v =) 2T o8 =02)ir o M0 Th @5 =) || e (0.48 - 0.55)
AUG AUCg - (t6 —t1) xT1 025 (0.12-0.38)

T2+T1 =
CAR AUC fp B4 =6 0.36_ (0.23-0.48)
LD AUC T3HTY) x (14 —13)+ THHTS)) x (65 — o) + TS 4T/, x (16 —15) 0.47  (0.36 - 0.57)

0.10 0.20 0.30 0.40 0.50 0.60
Variable Name Formula ICC (95% CI) |

T1 (Wakeup) T1 0.55 (0.39 - 0.68)
T2 (Peak) T2 0.65 (0.51-0.75)
T3 T3 0.75 (0.63-0.82)
T4 T4 0.35 (0.16-0.54)
T5 (Bedtime) T5 0.32 (0.12-051)
CAR Incline He =1l 0.17_(0.00-0.39)

TS5 — T3/
Late Decline (LD) Slope t5 —t3 0.00 (0.00-0.21)

T5 -T2
Diurnal Slope Jes —e2 0.00 (0.00-0.21)
Maximum Decline (MD) |72 ~ [minimum concentration] 048 (0.31-0.63)
Aucg T14+T2/) x (c2 —e1) + T2+ T3/, x @3 —2)+ .. T4+ T5/, x (15 - t4) | g 45 (0.26-0.60) i
AuCi allcg =5 = tDiXT] 0.00 (0.00-0.21)

T2+T1
CAR AUC fpx (2 -t 0.63 (0.47-0.75) :
LD AUC P3HTH x (t4 ~13)+ THH TS/, x (o5 —14) 042 (0.22-057) 1

0.10 0.20 0.30 0.40 0.50 0.60
cc apz where is the between-day variance of the cortisol feature.
7%2 t+o. ICCs can range from O to 1. As a larger ratio indicates a greater

proportion of the total variance is attributable to individual variability
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(or variability due to an effect of persons), cortisol features with larger
ICCs may capture more trait-like effects. Consistent with recommended
standards for reliability in psychology, we interpret reliability as poor
(ICC<0.40), fair (0.40-0.60), good (0.60-0.75), or excellent (0.75; [29].

2.2.3.2. Post-hoc analyses in SPAN. Three post-hoc analyses were con-
ducted in the SPAN dataset. First, we examined whether saliva sample
protocol adherence, common demographic factors (i.e., self-reported sex
and race), and exposure to childhood maltreatment may influence reli-
ability. To this end, we estimated reliability when including recruitment
features (i.e., sex, race, CTQ category [high, low]) as well as protocol
adherence (low, medium, or high) as fixed effect covariates. 95% con-
fidence intervals of the ICC value were computed before and after the
addition of each covariate and were compared to assess whether these
factors influenced reliability estimates. In addition, ICCs were generated
within separate groups across these variables (e.g., low, medium, high
protocol adherence).

Second, as point estimates of cortisol values could plausibly be
influenced by the precision of estimated concentrations, we binned data
into decile (i.e., 0-10th percentile, 11th — 20th percentile, etc.) and
quintile (i.e., 0-20th percentile, 21-40th percentile, etc.) groups and
recalculated ICCs to evaluate whether data binning (i.e., smoothing)
improved diurnal cortisol reliability estimates.

Third and finally, AUCg showed the highest reliability in meta-
analyses and across our studies (SPAN and MLSRA; see Results
below). As AUCg uses all collected data, it places the highest burden on
participants and researchers. Therefore, we examined whether subsets
of timepoints can be used to generate a reliable approximation of diurnal
AUCg, i.e., a measure that is both strongly correlated with the full AUCg
estimation and is also reliable. To this end, using only data from days
when all 6 times points were available (n = 254 days), we estimated the
reliability of AUCg when systematically removing time points (e.g., T6,
T6 + T5, etc.) and whether AUCg estimates derived from these iterations
were correlated with AUCg estimated using all samples.

3. Results
3.1. Meta-analytic reliability of cortisol features

Ten articles describing 11 studies were identified for inclusion in the
meta-analysis, yielding 48 ICC estimates for 15 cortisol features derived
from 3307 unique participants (Table 1; [24,25,30-37]. Five cortisol
features (i.e., Wakeup/T1, Peak/T2, Bedtime/T6, CARjncline, and AUCg)
were reported in 4 or more studies and were subjected to meta-analysis.
Meta-analytic ICCs ranged from poor (CARypline: 0.29, 95% C.I.: [0.19,
0.37]) to good (AUCg: 0.66, [0.59, 0.71]; Fig. 2).

3.2. Cortisol reliability in SPAN and MLSRA

Multivariate Diurnal Features. As displayed in Table 3, AUCg, Max
Decline, and Late Declinesyc all had fair reliability (ICCs: 0.42-0.59) in
both the SPAN and MLSRA samples. Of these metrics, AUCg displayed
the highest reliability across both studies. CAR5y¢ had good reliability
in MLSRA (ICC = 0.63), but poor reliability in SPAN (ICC = 0.36). All
other cortisol features (i.e., AUCi, CARnclines EDsiope; LDslope, Diurnal
Slope) demonstrated poor reliability across studies (ICCs = 0.00-0.38).

Univariate Diurnal Features (i.e., Individual Timepoints). Across
both studies, individual timepoints had reliability values that were poor-
excellent ranging from 0.32 to 0.75 (Table 3). In SPAN, all samples had
fair reliability, with the exception of T3 (2.5 h after waking; ICC = 0.34);
T5 (i.e., 12 h after waking) was the most reliable (ICC = 0.52). In
MLSRA, T1-T3 measures (i.e., immediately upon waking, 30 min after
waking, 1 h affect waking) demonstrated fair-excellent reliability, while
the T4 (afternoon) and T5 (just before bed) samples showed poor reli-
ability (ICCs <0.36).
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3.2.1. Additional analyses in SPAN

3.2.1.1. Protocol adherence. Sex, but not race or CTQ score, was asso-
ciated with protocol adherence (sex: ¢2 = 7.014, p=0.03; race: c? =
0.473, p=.789; CTQ: 2 =2.759, p=.599; see Supplemental Fig. 2). Men
and women did not differ in the low or high adherence groups (c?s =
1.08, ps >.180), but there was a non-significant trend toward more men

than women in the medium adherence group (¢ = 7.02, p=0.08).

3.2.1.2. Consideration of factors that May influence reliability. The
addition of the covariates sex, race, CTQ category, or protocol adherence
did not improve ICC estimates generated from our linear mixed models
as determined by overlapping 95% confidence intervals. Further, ICCs
generated within separate groups across these variables (e.g., low, me-
dium, high protocol adherence) yielded no evidence of differential
reliability (i.e., estimates residing within 95% confidence intervals;
Supplemental Table 6).

3.2.1.3. Data binning. Cortisol feature data binned into deciles (10
categories of 10%) or quintiles (5 categories of 20%) did not alter reli-
ability estimates derived from our primary analysis for any cortisol
feature (i.e., point estimates within 95% Cls; Supplemental Table 7).

3.2.1.4. Determination of minimum time samplings needed to maintain
reliability. Correlations between total AUCg and AUCg calculated using a
subset of data points ranged from 0.754 (AUCg calculated using samples
T5 and T6 only) to 0.980 (AUCg calculated using samples T3-T6;
Fig. 3a). As a reference data set, the ICC was calculated including only
those days in which 6 timepoints could be included. The ICC for this full
data set was 0.68 [0.57-0.76]. When AUCg was calculated using samples
T3-T6, the ICC was 0.65 [0.552-0.741]. When T6 was excluded, the ICC
was 0.56, and when both the CAR samples and T6 were excluded, the
ICC was 0.50. Fig. 3b shows the ICCs for each data set.

4. Discussion

Our meta-analysis and investigation of diurnal cortisol reliability in
two independent samples revealed that commonly assessed features of
diurnal cortisol are highly variable in their test-retest reliability across
nearby days (ICC range = 0.0-0.75). Some measures of diurnal cortisol
function showed sufficient test-retest reliability for individual differ-
ences research (e.g., AUCg, Maximum Decline; individual timepoints)
while others did not (e.g., CARyycline)- Notably, however, even the most
reliable diurnal cortisol features showed less than desirable reliability
for trait-related individual differences research (ICCs = ~0.40-0.60).
Overall, these findings suggest that the reliability of diurnal cortisol
features may contribute to equivocal findings arising from studies
evaluating links between diurnal cortisol and individual differences (e.
g., health, stress exposure, etc.). These results encourage skepticism
toward observed correlations between diurnal cortisol features and
outcomes, especially in small samples. Following best practice guide-
lines [38], including the aggregation of data across multiple days to
isolate trait-related variability has been shown to improve the reliability
of some diurnal cortisol metrics, including AUGg [15]. However, the low
day-to-day reliability of some commonly used (e.g., CARjncline), likely
precludes their use as trait markers, even when many days are available.
Practically, more reliable features of diurnal cortisol should be priori-
tized in studies (e.g., AUCg), and larger sample sizes are needed to
buttress against measurement error and non-trait-related variability of
diurnal cortisol. Finally, identifying tractable factors associated with
diurnal cortisol reliability (e.g., sample collection, study design, ana-
lytic) may be leveraged to improve measurement.
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Fig. 2. Meta-analysis forest plot displaying the estimate of reliability for 5 cortisol features: AUCg, cortisol awakening response (CAR), wakeup, peak, and bedtime
(last sample of the day). The first column labels each article by the first author’s last name. All articles are provided in the references of this manuscript. Error bars
indicate 95% confidence intervals. Larger boxes indicate studies with larger N.
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Fig. 3. (a) A summary of the data sets compared to the full data set (T1 - T6) and their correlations with the full data. (b) ICCs of datasets with one or more time
points removed. “Full Data” included only those participants for whom all 6 timepoints could be included for at least 2 days.

4.1. AUCg a fairly reliable index of diurnal cortisol

Total area under the curve with respect to ground (AUCg), which
reflects total cortisol output over the day, had the highest reliability
across analyses (meta-analysis: ICC = 0.66, Fig. 2; SPAN Study ICC =
0.59; MLSRA Study ICC = 0.45, Table 3). AUCg has been widely studied
in the context of behavior (e.g., cognitive performance), risk (e.g.,
environmental stress), and disease (e.g., depression). However, assess-
ing diurnal cortisol using AUCg has some practical limitations: it re-
quires multiple samples from participants throughout the day and can be
more costly to analyze in densely sampled studies. For example, while
there is widespread variability in the number of samples collected
throughout the day and their times of collection across studies, the
MacArthur Research Network on SES and Health guidelines recom-
mended collection at 6 timepoints each day for 3-4 days (macfound.
org). Such collection across the day is burdensome to participants,
prone to potential error in collection time, and costly from a research
perspective (staff burden, analytic, storage). Notably, our analyses in the
SPAN dataset suggest that AUCg can be approximated (i.e., r > 0.92,
Fig. 3a) reliably with as few as three afternoon samples (i.e., 2.5 h after
waking [T3], 8 h after waking [T4], 12 h after waking [T5]; Fig. 3b).
This may facilitate acquisition in larger studies, which are more
adequately powered to confront the reliability challenges faced by
diurnal cortisol metrics.

4.2. Cortisol awakening response

The cortisol awakening response (CAR) is a large increase in cortisol
within the first hour of waking from sleep. It is typically measured by
calculating a difference score (i.e., slope; here called CAR[pcline), though

area under the curve approaches have also been used (here called
CARpuc)- CAR has been widely studied in the context of health and
related risk factors, although the literature on the CAR is inconsistent
and some studies show opposite effects [39]. There has been speculation
that these inconsistencies may arise from protocol adherence problems
(e.g., delayed sample provisions for the initial sample acquired imme-
diately upon awakening; [40]. Here, despite sampling protocols that
involved the use of timed collection devices (medication adherence
caps) and evidence of good adherence, we found that the CARyjine Was
not reliable across days in both our meta-analysis (ICC = 0.29) and in-
dependent samples (ICCs = 0.17). These data suggest that associations
observed with CARpyjine are contaminated by poor measurement con-
sistency and are more likely to generate false positive or negative results.

Notably, the use of an area-under-the-curve approach, CARpyc,
improved the reliability of the CAR in our two independent samples to a
level that approached or exceeded acceptable reliability. As such, these
data suggest that the poor reliability of CARyycline may reflect inconsis-
tency introduced by difference scores as opposed to reflect large state-
related variability in the CAR. More broadly, these data highlight the
potential utility of CARayc to capture the CAR, though additional studies
of its reliability are needed. It remains possible that highly controlled
settings that can carefully monitor collection times (e.g., overnight stays
with staff support to monitor waking and collection) may improve the
reliability of CAR, though this may compromise ecological validity and
introduce other confounds.

4.3. Other indices of diurnal cortisol

Individual cortisol time points were broadly reliable in the meta-
analysis as well as both independent studies. Reliability of cortisol
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measures in the beginning of the day, specifically T2 and T3, was
marginally better in the MLSRA dataset than in the SPAN dataset. In
both studies, T2 (ICC in SPAN: 0.42; ICC in MLSRA: 0.65) was sampled
at 30 min after waking. The two studies sampled from very different age
groups (i.e. middle age vs. old age), and this may account for the
observed difference in reliability of the peak cortisol response, which
may be more variable in old age [30]. The difference in ICC values for
T3, however, is more likely to be explained by methodological differ-
ences —as T3 in SPAN was defined as 2.5 h post-waking, but was defined
as 1 h post-waking in MLSRA.

Across the SPAN and MLSRA studies, less frequently used indices of
cortisol including Maximum Decline and Late Decline AUC showed ev-
idence of fair reliability. For the most part, aside from Maximum
Decline, cortisol features calculated using difference scores (e.g., Early
Decline Slope, Late Decline Slope) were characterized by poor
reliability.

4.4. Modifiers of reliability

Study design issues and protocol adherence, as well as other factors
(e.g., sex, race, childhood maltreatment), are thought to influence as-
sociations between cortisol and other outcomes [40,41]. We found no
evidence that protocol adherence or other between participant differ-
ences (i.e., sex, race, childhood maltreatment) were associated with
different reliability in the SPAN study. Nonetheless, it remains plausible
that important modifiers of reliability may be identified in future work.
The SPAN cortisol protocol was relatively rigorous (e.g., medication
adherence caps logging time alongside participant self-report) and
protocol adherence was prioritized for selecting samples for analysis (e.
g., 4 days were collected and the 3 most adherent days were selected for
assays); it is possible that greater deviations in participant protocol
adherence may reduce reliability further and that considering such large
deviations in protocol adherence may improve reliability in other
studies. Finally, we found no evidence that binning participants into
cortisol groups (e.g., grouping participants into deciles) improved reli-
ability estimates relative to using estimated concentrations suggesting
that smoothing these data does not improve reliability.

4.5. Limitations

Our meta-analysis and independent studies are limited by small
samples that may result in imprecise reliability. Our focus on reliability
in the short term (within days in our independent studies and within a
month for the meta-analysis) leaves the reliability of cortisol indices
separated across time and aggregated across days unclear. Notably,
however, the very low reliability across days of CARyycline would likely
make it insufficiently reliable even if aggregated across time. While our
2 data collection studies engaged in many recommended best practices
for cortisol collection (e.g., medication adherence caps in addition to
self-reported time of collection), our studies did not include validation of
reported wake up time (e.g., a secondary observer or actigraphy), which
may have attenuated the reliability of cortisol awakening response.

Furthermore, The existing literature is limited in its reports of
cortisol features with few studies reporting on many indices that are
commonly used, which restricted our meta-analysis to 5 cortisol fea-
tures. Finally, our analyses focused on the reliability of diurnal cortisol
features and did not address the reliability of acute stress-induced ele-
vations in cortisol or the reliability/stability of diurnal cortisol data
aggregated across days.

4.6. Future directions

Given the large number of diurnal cortisol features that may be
computed, it is important for existing and ongoing studies with multiple
timepoints to prioritize features showing consistent evidence of at least
fair reliability (e.g., AUCg, Maximum Decline). With that said, secondary
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analyses on multiple diurnal features with adequate correction for
multiple testing would also be useful. Such analyses would allow for the
detection of similarities and differences across measures and with rele-
vant variables of interest; these data may be triangulated with reliability
data to prioritize maximally effective approaches for the study of diurnal
cortisol. Our study evaluated the reliability of cortisol metrics across
nearby days; as the majority of studies aggregate data across multiple
days, it will be important to further evaluate the reliability of aggregated
metrics within weeks of one another and their long-term stability (e.g.,
across months and years).

Existing data and ongoing data collection efforts also offer oppor-
tunities to evaluate factors that may be leveraged to improve reliability
of diurnal cortisol estimates including study design features (e.g., sam-
pling protocols) as well as analytic approaches (e.g., latent multivariate
models and machine learning; [42,43]. Regarding analytic approaches,
researchers may wish to incorporate state-trait models, which separate
within-person (environmental, “state”) from between-person (“trait)
variability using hierarchical linear models [44,45]. These state-trait
models aim to capture the stability of the cortisol response (trait) by
parsing out the variation around the individual’s average. However,
these models require multiple instances of consecutive collection days
(e.g. 3 consecutive collection days repeated several weeks or months
apart), which may not be feasible for the majority of research studies. In
these cases, prioritizing more reliable indices of cortisol output may be
preferable.

In the service of future work, it will be important to recruit large
samples that are capable of detecting expected small effects that are
measured with only fair reliable data (0.40-0.60; [46,47], while also
considering the other matrices that can be leveraged to provide broad
estimates of cortisol output (e.g., hair). Cortisol estimates from hair
cannot provide direct data surrounding diurnal patterns and have cul-
tural collection considerations [48], but do have evidence of reliability
and stability [49] as well as significant heritability [50].

5. Conclusions

There is widespread variability in the test-retest reliability of diurnal
cortisol features. The most reliable features across analyses (i.e., AUCg)
should be prioritized in individual differences research. In addition, it is
important for studies of complex behavior and biology to have samples
that are adequately powered to detect expected small associations be-
tween variables that are only fairly reliable.
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