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Abstract

Despite the increasing popularity of incorporating salivary cortisol measurement into health and
social science research, relatively little empirical work has been conducted on the number of
saliva samples across the day required to capture key features of the diurnal cortisol rhythm,

such as the diurnal cortisol slope, the area under the curve (AUC), and the cortisol awakening
response (CAR). The primary purpose of this study is to compare slope, AUC, and CAR measures
obtained from an intensive sampling protocol with estimates from less intensive protocols, to
identify sampling protocols with minimal participant burden that still provide reasonably accurate
assessment of each of these measures. Twenty-four healthy adults provided samples four times

in the first hour awake, and then every hour throughout the rest of the day until bedtime (M=
17.8 samples/day; SD = 2.0), over two consecutive days (V= 862 total samples). We compared
measures calculated from this maximum intensity protocol to measures calculated from two to
six sampling points per day. Overall, results show that salivary cortisol protocols with two fixed
samples (waking and bedtime) and three additional daily samples, closely approximates the full
cortisol decline (slope). Abbreviated sampling protocols of total cortisol exposure across the day
(AUC), however, were not well approximated by reduced sampling protocols. CAR measures
based on only two samples, including waking cortisol and a second sample measured at a fixed
time point between 30 and 60 min after waking, provided a measure of the CAR that closely
approximated CAR measures obtained from 3 or 4 sampling points.
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Introduction

Methods

Participants

Salivary cortisol is one of the most popular biomarkers employed in research on stress and
stress-related disease. Healthy hypothalamic-pituitary-adrenocortical (HPA) axis function is
characterized by a strong cortisol diurnal rhythm, and deviations from the typical diurnal
cycle provide valuable information regarding environmental influences on the HPA axis and
the role of the HPA axis in disease processes (Chrousos, 2009; Nader et al., 2010). Three
key aspects of the diurnal cortisol rhythm are the diurnal cortisol slope, the area under the
curve (AUC), and the cortisol awakening response (CAR).

Diurnal cortisol slope is measured as the rate of change in cortisol levels from waking to
bedtime and a steeper decline (i.e. a more negative slope) is typically associated with better
health and psychosocial functioning (Adam et al., 2006; Huppert, 2006). A flatter slope,

on the other hand, has been linked with a history of stress exposure (Adam & Gunnar,

2001; Gunnar & Vazquez, 2001; Matthews et al., 2006; Miller et al., 2007; Suglia et al.,
2010) and disease processes (Abercrombie et al., 2004; Heim et al., 2000; Matthews et

al., 2006; Sephton et al., 2000). The AUC reflects the average level of cortisol across the
day, which is not strongly associated with the cortisol slope (Adam & Kumari, 2009).
Although associations among stress, health variables, and AUC cortisol are inconsistent, it is
generally believed that both very large and very small AUCs (representing hyperactivity and
hypoactivity, respectively) signify poor psychological and physiological functioning (Saxbe,
2008). Finally, the CAR (i.e. the increase in cortisol from waking to approximately 30-45
min after waking) is a distinct feature of the cortisol diurnal rhythm, thought to play a role
in regaining arousal upon waking or helping people meet the anticipated demands of their
day (Adam et al., 2006; Clow et al., 2010). However, the CAR is sensitive to chronic stress
(Chida & Steptoe, 2009; Kunz-Ebrecht et al., 2004; Schlotz et al., 2004) and a higher CAR
prospectively predicts the development of major depressive disorder (Adam et al., 2010;
Vrshek-Schallhorn et al., 2013) and first onsets of anxiety disorder (Adam et al., 2014).

In order to capture these diurnal cortisol indices efficiently, and without overtaxing
participants, many studies rely on the abbreviated sampling protocols utilizing 2—-6 samples
per day. However, no one has empirically tested whether such abbreviated protocols
reasonably approximate the pattern that would be obtained if more frequent sampling were
employed. To investigate this question, 24 healthy adults participated in an intensive two-day
data collection protocol, providing samples four times in the first hour awake, and then
every hour throughout the day until bedtime. Although this highly intensive protocol is not
practical or feasible in most naturalistic research, it provides an idealized standard from
which we can validate commonly used diurnal salivary cortisol protocols in health and social
science research.

Students and community members from a large Midwestern city were recruited by word-of-
mouth and flyers posted on campus. Eligible participants had to be: (a) between the ages of
18 and 49, (b) not currently taking corticosteroid medication, and (c) not pregnant. The first
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eligible 25 individuals to respond were selected for the study and consented in person by a
member of the study research team. One person had to withdraw for medical reasons. The
final sample consisted of 24 healthy adults (17 female) between the ages of 21 and 42 years
(M=21.5; SD=5.2). Most of the sample was White (7= 20) and the rest were Asian (7=
4). Participants received a $30 gift card upon completion of the study.

For each of two typical weekdays, participants were asked to provide small samples of saliva
in the morning immediately upon awakening (waking cortisol level), 30, 45, and 60 min
after waking (three CAR samples), in the evening immediately before bedtime (bedtime
cortisol level), and every hour on the hour during the day. Participants were instructed not to
eat, drink, or brush their teeth in the first hour after waking, and avoid eating food in the half
hour before other samples, if possible. Saliva sampling involved expelling the saliva through
a small straw into a sterile cryogenic vial. They wrote the exact time of collection on a label
attached to the vial. Samples were refrigerated by participants as soon as possible, and then
returned (in person) to the lab when sampling was complete, where they were stored at —20
°C until they were shipped for processing. Salivary cortisol levels are robust to variations

in temperature and motion similar to those experienced in a trip through the postal system
(Clements & Parker, 1998).

Samples were sent on dry ice to the Biochemisches Labor at the University of Trier,
Germany and were assayed in duplicate for cortisol using a time-resolved immunoassay with
fluorometric detection (DELFIA). Duplicate cortisol results were averaged and mean values
were used in analysis. Intra-assay coefficients of variation (CVs) were between 4.0% and
6.7%, and inter-assay CVs ranged from 7.1% to 9.0%. Raw cortisol values were winsorized
at 1.8 pg/dl (7= 2) to reduce the effects of outliers on the analysis.

Participants also reported about health and lifestyle factors, such as medication use (e.g.
birth control), consumption of caffeine and alcohol, use of nicotine, timing of menstrual
cycle, pregnancy, presence of chronic illness, and their height and weight. When participants
collected their hourly saliva samples, they also completed brief diary reports of their moods,
activities, and health behaviors over the past hour. Participants also wore the Actiwatch
Score (Phillips Respironics Inc., Bend, OR), a wrist-based accelerometer placed on the non-
dominant hand that quantifies movement across the day and during sleep. All procedures
were approved by the Institutional Review Board at Northwestern University.

Data analysis

All diurnal cortisol measures were created based on natural logarithmic transformed cortisol
values. This transformation serves several important purposes: It reduces the positive skew
of the distribution of cortisol, it reduces the impact of outlying values, and it serves to help
linearize the association between cortisol levels and time of day (Adam & Kumari, 2009).
For the AUC and CAR, indices were calculated separately for each day and averaged; for the
diurnal cortisol slope, regression-based slopes were fit by regressing time of day on cortisol
levels across the average of both days of data.
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For the diurnal slope and AUC, the accuracy of the reduced cortisol sampling protocols

was examined by comparing measures based on the maximum number of data points (i.e.
waking, all the CAR samples, plus all the hourly samples; approximately 36 samples per
person across both days) compared to those based on medium number of data points (i.e.
waking, CAR, 3, 8, and 12 h after waking, and bedtime each day) or minimum number

of data points (i.e. waking, CAR, and bedtime each day). Medium and minimum intensity
indices were estimated by selecting subsets of the data points obtained during the maximum
intensity protocol.

Slope calculations

Slopes were estimated using multiple regression techniques using all cortisol data samples
across both study days. Because we wanted to estimate the same slope parameter across all
three protocols (maximum, medium, minimum), we calculated the linear slope at waking
(i.e. time of day is centered at waking). Natural logarithmic transformed cortisol levels were
regressed on cortisol sampling times separately for each person, with the person-specific
beta coefficient or the effect of time of day on cortisol representing the cortisol slope at
waking: by in Equation (1), below.

LnCORT = by + b; x Time + e o

Although previous work often includes a quadratic term in regression-based slope
calculations, we chose not to include this term in our Maximum and Medium equations
because it was not possible to estimate a quadratic form in the Minimum procedures. As
reported, we used a natural log transformation across all slope measures to help linearize the
association between cortisol levels and time of day.

Most researchers exclude the CAR in the slope calculation (Adam et al., 2006; Cohen

et al., 2006; Polk et al., 2005; Weissbecker et al., 2006) because of suggestions that the
CAR may be regulated by different neurobiological mechanisms than the rest of the diurnal
curve (Clow et al., 2004). Therefore, our primary slope analyses were those in which the
CAR samples were removed from the dataset before running the regression (MaxSlopeg,
MedSlopeg, MinSlopeg) However, because some researchers have calculated slopes from
the peak of the CAR to bedtime, we also calculated a second set of slope analyses in which
the CAR data points were included when estimating the slopes (MaxSlope;, MedSlope,,
MinSlope)). To create a consistent naming convention, prefixes refer to the level of intensity
of the protocol (Max, Med, Min) and subscripts refer to whether the CAR was exc/uded (E)
or included (1) in each calculation. (Based on the most common procedures from previous
research, we selected the 30-min post-waking value to represent the CAR for the MedSlope,
and MinSlope,. The MaxSlope, includes all three CAR data points.)

Finally, we created multiple diurnal cortisol slope estimates calculated from just two data
points — a simplified measure that has been reported in recent studies (e.g. Folkesson et

al., 2014; Rotenberg et al., 2012). A slope from wakeup to bedtime and a series of slope
measurements from each of the 30/45/60-min post-awakening CAR sample to bedtime were
calculated by subtracting the value of the earlier cortisol sample from the value of the later
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cortisol sample, and dividing by the total length of time between their respective sampling
times.

Slopewakg = (LnCORTyeq — LnCORTy 10 )/ (timepeg — timeyaice) @

Slopecar = (LnCORTpeq — LnCORTAR)/ (timepeq — timecar) ®)

Area under the curve

AUC measures were calculated using the trapezoid method [AUC with respect to ground,
AUCg, as described by Pruessner and colleagues (2003)]. In summary, when a line graph is
plotted for each individual across the day, with cortisol level on the Y-axis and time since
waking for each sample (/7total samples) on the X-axis, the result is (77— 1) polygons under
that line, the areas of which can be combined to create a summary measure of total daily
cortisol. An optional transformation is to divide the AUCg value by each person’s total time
awake (i.e. wake time subtracted from bedtime), which can then be interpreted as average
cortisol exposure per hour across the day. We examine both versions of the AUCg, but focus
on the latter because it adjusts for individual differences in total time awake.

The CAR value is sometimes, but not always, excluded in AUC measurements to prevent
morning awakening responses from having an undue influence on total daily output values.
Therefore, the first set of AUC measurements in the current study incorporates all data
points, including the CAR data points (MaxAUC;, MedAUC,, MinAUC,). (As with the slope
estimates, we selected the 30-min post-waking value to represent the CAR for the MedAUC,
and MinAUC;; the MaxAUC; includes all three CAR data points.) The second set of AUC
measurements excludes all of the CAR data points (MaxAUCg, MedAUCEg, MinAUCE).

Cortisol awakening response

Our protocol called for four saliva samples during the first hour after waking in order to
compare the most common markers of the post-awakening cortisol rise. This includes three
simple difference measures at 30-, 45-, and 60-min post-awakening (CAR30p, CAR45p,
CARG60p) with the general formula:

CARp = (LHCORTpost—awakening - LnCORTwake) 4

We also measured total awakening cortisol output using area under the curve across the

first 30 min (CAR30ayc), 45 min (CAR454¢), or 60 min (CAR60ayc) awake in the
morning. Although the AUC measure in the previous section captures total hormonal output
across the day (i.e. AUCg), the CARayc only measures the area above the waking value
(i.e. AUC with respect to increase; AUC)), which captures the amount of cortisol increase
above the waking value. (AUC equations are described in detail elsewhere [Pruessner et al.,
2003]). As reported in recent expert consensus guidelines, only the dynamic post-awakening
cortisol secretion (i.e. cortisol change due to awakening) is accurately referred to as the
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“CAR?” (Stalder et al., 2016). The two types of CAR measures in this paper (i.e. CARp and
CARpyc) are illustrated in Figure 1.

Importantly, in order to compare the CARayc values calculated across different lengths of
time (i.e. 30, 45, 60 min), we divided each of the CARpyc values by the time from waking
to the time of the final CAR sample utilized (i.e. total time awake thus far, in minutes),
which captures a measure of the average cortisol level per minute for each CARayc
measure.

analysis

In order to examine the extent to which the reduced sampling protocols resembled the
maximum intensity protocol, we ran a series of intraclass correlations (ICCs) between

the minimum, medium, and maximum versions of each set of cortisol parameters: slopes,
AUCs, and CARs. ICCs take into account both association (i.e. covariation) and bias (i.e.
whether levels are systematically higher or lower), and thus represent a more stringent

test of the similarity of the maximum, medium, and minimum diurnal cortisol composites
than Pearson correlations (McGraw & Wong, 1996; Shrout & Fleiss, 1979). ICCs were
calculated comparing the various cortisol measures computed using the maximum, medium
and minimum protocols for each person, averaged across the two days of testing. (ICCs were
very similar when estimated with one day of data [Day 1 or Day 2] versus the average [Day
1 and Day 2 mean], therefore the results will focus on the average only.)

These comparisons speak to how much measurement of each cortisol index (slope, AUC,
CAR) is affected by reducing the number of samples included in the calculations. Of
course, more intensive sampling protocols are desirable, in that they provide more precise
measurements of the diurnal cortisol measure of interest; however, if lower intensity
protocols decrease participant burden, without resulting in dramatically lowered accuracy,
these protocols should be considered as possible options for naturalistic diurnal cortisol
research. We used the nonparametric bootstrapping method to compare the differences
between a pair of ICCs (DiCiccio & Efron, 1996; Efron & Tibshirani, 1986). We obtained
2000 equally sized bootstrap samples by simple random sampling with replacement. For
each bootstrap sample, we estimated the difference of the ICCs. The empirical sampling
distribution of the difference of the ICCs is the distribution of these 2000 values from

the bootstrap samples. The lower and upper limits of the 95% confidence interval of the
difference of two ICCs equal to the 2.5th and 97.5th percentiles of the empirical sampling
distribution. When the 95% confidence interval does not include the value of zero, the two
ICCs are significantly different at p=0.05.

Overall, participants demonstrated very high compliance with the intensive study protocols,
providing an average of 18 samples per day (range of 14-20 samples). There was no
missing data for waking and bedtime cortisol, and only minimal missing samples from

the incremental CAR sampling each day (7= 1 for CAR30, n= 2 for CAR45, n= 2 for
CARG60). After data were aggregated across both study days, there were only 5 missing data
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points for diurnal slope and AUC calculations (missing samples at hour 9 [#= 1], hour 12 [n
= 1], hour 14 [n= 2], hour 15 [7=1]) and no missing data points for CAR calculations.

Given the dynamic changes in cortisol that typically occur in the first hour after waking,
correct measurement of waking time is critical. Therefore, we examined actigraphy data to
check compliance for waking cortisol reporting (i.e. number of minutes between the waking
cortisol sample and the actigraph recorded waking time). We identified 2 participants with
one day of late waking cortisol (i.e. the sample was taken more than 10 min after the
actigraph recorded exact time of waking), and 4 participants with both days of late waking
cortisol. Therefore, we ran two sets of analyses, one set removing all 10 instances of

low compliance (n7= 20 participants; 38 total sampling days), and a second set with the

full sample (7= 24 participants; 48 total sampling days). We will focus on the former
(compliant) set of measures in the main text and tables.

We also examined the self-reported CAR times to ensure that all morning saliva samples
were collected within close proximity of the targeted times (CAR30 M =30.20 min, SD=
1.66; CAR45 M= 45.32 min, SD = 1.68; CAR60 M= 60.43 min, SD = 2.04). Specifically,
all participants provided each of their CAR samples within 3 min of the targeted sampling
times (i.e. 30/45/60-min post-waking), except two persons who were 3.6 and 7.2 min late
for their CAR60 sample on one of the two sampling days. (Results do not change when
removing the two individuals who were more than 3 min late.)

Overall, most participants demonstrated the typical pattern of cortisol across the day:

cortisol levels were high upon waking (M7= 0.353 pg/dl), increased strongly after waking (M
= 0.535 pg/dl, 52% increase after 30 min; M= 0.550, 56% increase from waking through

45 min; M= 0.496, 41% increase from waking through 60 min), dropped rapidly over the
first few hours after waking, and then declined more slowly throughout the remainder of the
day. As expected given the typical diurnal cortisol rhythm, the average slopes of all type

and calculation method were negative in value and bedtime cortisol values were low (M=
0.072 pg/dl). These descriptive statistics are summarized in Table 1, and cortisol patterns
(showing all data points across the two days of testing by time of day) for a randomly
selected subsample of four participants are visually represented in Figure 2.

Morning peaks occurred at 30 min in 32.5% of study days, and at 45 min in 32.5% of study
days, as expected from previous research (Clow et al., 2004). However for 20% of study
days, participants displayed a continuing morning rise until a full hour after waking, and on
5% of days, samples did not peak until approximately 2-h post-waking. Across the final 10%
of study days, participants did not exhibit a morning rise at all, with peak morning cortisol
levels upon waking.

Diurnal slope

There were relatively high ICCs between regression-based slope estimates for protocols
excluding the CAR values and those including the CAR values (Max: ICC = 0.805; Med:
ICC =0.902; Min: ICC =0.890; ps < 0.001). The medium intensity protocol slope excluding
the CAR (i.e. five samples per day averaged across both study days) was highly correlated
with the maximum intensity protocol slope excluding the CAR (i.e. hourly samples) with

Stress. Author manuscript; available in PMC 2022 August 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hoyt et al.

Page 8

an ICC of 0.867 (p < 0.001). The ICC between medium and maximum protocol slopes
including the CAR was 0.873, p< 0.001. The difference between these two ICCs (excluding
and including the CAR) was not significant (p > 0.05). Table 2 shows the full set of

ICCs between the maximum, medium, and minimal sampling protocols excluding the CAR
(the most common method in current research), and the four additional “simple slope”
measures. (Sampling protocols excluding the CAR [i.e. MaxSlopeg] were very similar

to those including CAR [i.e. MaxSlope], therefore the results in Table 2 are limited to
MaxSlopeg only. Slope analyses including the CAR are available upon request.) In the
supplemental set of analyses with the full sample we found a very similar set of results (i.e.
all ICC coefficients were within 0.09 of the original estimates).

The estimates for the minimum regression-based slope and 2-point simple slopes in relation
to the maximum protocol ranged from 0.550 to 0.728 (s < 0.001), with the highest ICC
(0.728) for the wake to bedtime simple slope. The ICCs between the two-point slope
estimates from the CAR (30/45/60-min post-waking) to bedtime were all under 0.600 (p <
0.001). These ICCs were significantly less than the ICC between the medium and maximum
protocol (ps < 0.05). This reduced accuracy was even more pronounced when the less
compliant data were used: the associations between the two--point slope estimates from the
CAR (30/45/60-min post-waking) to bedtime in the full sample (7= 24) were all under
0.500 (s < 0.001).

Area under the curve

Table 3 summarizes the relations between the six AUC measures under study. (The AUC
values reported in the text and tables were divided by total time awake, to account for
individual differences in waking hours. However, effects were almost identical without

this transformation [all differences in ICCs ranged from 0.005 to 0.033]). Similar to the
slope estimates, there were no significant differences between ICC between AUC estimates
excluding versus including the CAR for the maximum intensity (ICC = 0.914, p< 0.001)
and medium intensity (ICC = 0.811, p< 0.001) protocols, p> 0.05. However, the addition
of the CAR (wake +30) in the minimal intensity procedure had a large effect on the
average size (MinAUCg M= 0.212 versus MinAUC; M= 0.308, t(19) = -3.07, p< 0.01),
and on the ICC between these two AUC measures (= 0.321, p< 0.01). The differences
between this ICC and the corresponding ICCs for the maximum and medium intensity
were significant (ps < 0.05). Overall, none of the medium or minimum intensity protocols
showed a strong ICC with the hourly (maximum) sampling protocol, with especially low
ICCs for the minimum protocols ranging from 0.177 (ps < 0.01) to 0.554 (s < 0.001). In the
supplemental set of analyses with the full sample we found a very similar set of results (i.e.
all ICC coefficients were within 0.07 of the original estimates).

Cortisol awakening response

The CAR comparisons are shown in Table 4. First, we examined CARac estimates derived
from one, two, or three incremental CAR points (30/45/60-min post-waking) divided by

the total time between waking and the final CAR sample (to adjust for difference in total
sampling time between the three CAR measures). Results showed that these three measures
were highly correlated (all ICCs >0.870, ps < 0.001). (ICCs for the CAR30c [AUC,
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with just two values: waking and 30-min post-waking] drop significantly if you do not
divide by time. CAR304c Was associated with CAR45,¢c [ICC = 0.711, p< 0.001] and
CAR60pyc [ICC =0.481, p< 0.01]. Associations between the CAR30ayc and the simple
difference CAR measures also drop if you do not divide by time [all ICCs range from 0.329
to0 0.360, ps < 0.05]. These ICCs were significantly smaller than the corresponding ICCs of
CAR30pc divided by time [ps < 0.05].)

Simple difference measures, at either 30-, 45-, or 60-min post-waking were also highly
interrelated: CAR60p was correlated with CAR45p (ICC = 0.941, p< 0.001) and CAR30p
(ICC =0.891, p<0.001); CAR45 was very strongly correlated with CAR30p (ICC =
0.968, p<0.001). Overall, the first row in Table 4 shows the similarities between CAR
estimates calculated using all four data points (CAR60ayc) compared to protocols using two
or three sampling points — ICCs were high, ranging from 0.870 to 0.985 (ps < 0.001). In the
supplemental set of analyses with the full sample we found a very similar set of results (i.e.
all ICC coefficients were within 0.06 of the original estimates).

Discussion

The primary purpose of the current study was to understand the impact of various intensities
of salivary sampling across the day on the accuracy of estimates of key diurnal cortisol
measures — diurnal cortisol slopes, the CAR, and the AUC. Overall, we found that medium
intensity protocols with two fixed samples (waking, bedtime) and three additional samples
measured across the day, closely approximates the cortisol decline (slope) derived from

an intensive protocol including about 18 data points per day. However, more data points
may be necessary to adequately measure the total cortisol exposure across the day (AUC).
Additionally, our CAR analyses suggest that two samples (waking cortisol and a second
sample between 30 and 60 min after waking) provides a reasonable estimate of the CAR,
with evidence showing that these two-point protocols are surprisingly highly associated

(in both level and covariation) with each other and with protocols including three to four
CAR data points. This finding is particularly noteworthy in light of the fact that we found
considerable variability in when individuals experienced their morning peak cortisol levels,
and considering that recent expert guidelines recommend a 3-sample protocol (at minimum)
as a result (Stalder et al., 2016).

Accuracy of reduced protocols for diurnal cortisol exposure

The medium sampling approach for the diurnal slope yielded a high ICC with the maximum
intensity approach (ICC = 0.867) with salivary cortisol samples provided hourly from
waking to bedtime. Although further reduction would help to alleviate participant burden,
minimal procedures that collect only two (waking and bedtime or CAR and bedtime)
samples had relatively small associations with the maximum intensity protocol. As a result,
investigators using minimum intensity protocols should be aware that their measures do not
strongly approximate a cortisol slope based on a more intensive measurement protocol.

Furthermore, although a medium intensity protocol provided a relatively strong estimate of
the slope, this reduced protocol was not a good estimate of the AUC. Therefore, studies with
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limited sampling points may achieve more accuracy in their measure of the slope rather than
the AUC.

Number of samples

Theoretically, if the diurnal rhythm were entirely linear, taking cortisol at any two points

in the day would provide a good estimate. Although applying a logarithmic transformation
of raw cortisol values helps to linearize the association between salivary cortisol and time

of day, the association is still not entirely linear, and thus slopes and AUCs with just a few
data points do not perfectly represent slopes and AUCs derived from hourly protocols, which
reveal greater cortisol variability and curvilinearity across the day. Systematic differences

in stress exposures, emotional state, activity levels, or behaviors such as napping, eating,

and smoking at particular points in the day may impact specific cortisol sampling points

and further reduce the similarities among slopes estimated with different protocols. Random
error also adds additional variability to the differences among estimates.

Regardless of the explanation for the observed variability, it is clear that sampling intensity
affects the calculation of diurnal measures of cortisol, and researchers must be cognizant of
this fact when designing studies. Furthermore, in order for results to be comparable across
studies, it will be important for the field to establish norms for the best number of samples
used in the measurement of diurnal cortisol slopes and AUCs.

Estimating slope and AUC with and without the CAR

Another important comparison that deserves further discussion is the distinction between
exclusion versus inclusion of CAR samples in estimating diurnal slopes and AUCs. Given
that cortisol values are known to dramatically increase in the first 30- to 45-min post-
awakening, previous research suggests that when CAR samples are included in the analysis,
they have a strong influence on diurnal measures (Hruschka et al., 2005; Ranjit et al., 2005).
This pattern is especially true with fewer overall data points. For example, the 2-point
simple slope from wakeup to bedtime will provide different values than measuring the
CAR to bedtime slope. Furthermore, the interpretation and meaning of the CAR to bedtime
slope is different than the interpretation of wakeup to bedtime slope, with CAR slopes
being strongly influenced by the size of the morning CAR peak. There may be reason to
believe that the CAR is influenced by distinct psychobiological processes, being regulated
by different psychosocial, and different neurobiological mechanisms, than the rest of the
diurnal rhythm (Clow et al., 2010; Pruessner et al., 1999; Wiist et al., 2000). Similarly,

the minimum AUC measure including the CAR (wake, wake +30, bedtime) had a dramatic
effect on the ICCs, reducing all ICCs below 0.412. Thus, although there is some intuitive
appeal to including CAR data in slope and AUC measures, there has been a trend toward
using slope and AUC estimates that purposefully do not include the influence of CAR
values (Adam, 2006; Polk et al., 2005; Weissbecker et al., 2006). Further research is needed,
however, to establish whether excluding or including CAR sampling points in slope and
AUC calculations represent the more psychologically and medically meaningful diurnal
cortisol measure.
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Accuracy of reduced protocols for CAR measures

In the current study, we found that measuring the difference between the waking cortisol
sample, and a second sample between 30 and 60 min after waking, provides a strong
approximation of the CAR compared to more intensive protocols with accumulating CAR
measurement at 30-, 45-, and 60-min post-waking. The ICCs were around 0.90, suggesting
that additional morning samples, although intuitively and theoretically helpful, seem to
require additional participant burden without statistical or mathematically large returns.
Importantly, the current study accounted for the amount of time between waking and each
CAR sample (by dividing by the difference between sampling time and wake time). Without
this adjustment, ICCs between these different protocols is reduced.

Because the first hour after waking can be a hectic time of day, reducing the number of
samples during this period should greatly decrease participant burden. Based on the findings
from this study, we conclude that measuring the CAR with just two samples (i.e. waking
and 30 min after waking) is a reasonable approach, providing highly comparable measures
to those obtained with a more intensive procedure involving 4 morning measurements, or a
procedure involving 3 measurements. Although our sample was evenly split between days
with the morning peak at 30 min versus 45 min after waking, choosing the earlier sampling
time may increase compliance with sampling protocol (i.e. not eating, drinking, or brushing
your teeth before CAR sampling).

Notably, the newly published CAR expert consensus guidelines (Stalder et al., 2016) report
recommends using a 4- to 5-sample protocol (e.g. waking, 15-, 30-, 45-, and 60-min post-
waking), or a minimum of three samples in case of financial restrictions (i.e. equivalent

to our CAR45,,c measure: waking, 30- and 45-min post-waking). Stalder et al. (2016)
argue that a two-sample protocol cannot be recommended because peak levels varies
between people (e.g. gender differences) and within-person across days, based on situational
factors (e.g. stressful events). Although the results of the current study suggest that little
measurement accuracy in the size of the CARpyc was lost by relying on two samples, we
agree that in order to (a) capture the shape of the CAR curve, (b) identify the exact CAR
peak, or (c) measure the rate of recovery from the CAR peak, adding additional measures at
45 min, 60 min, or even 2 h after waking are important. Indeed, 25% of the study sample
peaked at 60 min or later, but most current protocols only measure the CAR at 30- or 45-min
post-waking. Future research with additional participants (and additional morning cortisol
measures) is needed to evaluate whether these findings replicate across diverse samples.

Limitations

In the current study, we asked participants to provide hourly saliva samples for two days, a
rigorous protocol with a very high participant burden. Participants provided, on average, 36
total saliva samples across the two days — a major disruption in everyday life. Therefore, one
notable limitation of the current study is the small and homogenous nature of the sample:

A convenience sample of 24 individuals (mostly white female young adults) who agreed to
participate in this intensive protocol. Future research is needed to validate reduced sampling
protocols in more diverse samples.
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Another limitation of the current study is that it did not use electronic monitoring devices
such as MEMS® track caps to monitor the timing of compliance with requested sampling
times. Electronic monitoring of compliance, and awareness of that monitoring, is associated
with improved compliance rates (Broderick et al., 2004). In the current study, because all
comparisons were conducted with different configurations of the same data, we have less
concern regarding the impact of compliance on our comparisons across measures, than other
studies measuring the relation between cortisol measures and individual characteristics.
Additionally, we monitored objective wake times using wrist actigraphy to verify awakening
times, as recommended by the new CAR guidelines. We found that people’s subjective
reports of wake time, overall, closely matched the actigraph data. Comparing our two

sets of models, with (r7= 20) and without (7= 24) compliant wake-up times, we found
slightly stronger associations across minimum, medium, and maximum diurnal cortisol
measures for the high compliance sample. Overall, to the extent that post-waking sample
timing can be electronically monitored in future research, or at least to the extent that
participants believe such monitoring is occurring, it should improve the quality of estimates
(Stalder et al., 2016). Future studies, incorporating larger and more diverse samples, and
employing electronic monitoring, should further investigate the implications of various
intensity sampling protocols in order to continue to inform protocol decisions for naturalistic
diurnal cortisol research.

Conclusions

Overall, these results are encouraging for stress researchers who are interested in efficient,
yet accurate, cortisol sampling protocols to measure diurnal cortisol (slope) and the CAR.
There are already a number of large-scale datasets including Midlife in the United States
(MIDUS), the National Study of Daily Experiences, Coronary Artery Risk Development

in Young Adults (CARDIA), Whitehall 11, and the Multi-Ethnic Study of Atherosclerosis
(MESA) that incorporate medium intensity protocols (approximately 4—-6 samples per day)
in large groups of participants. Although increasing the number of samples will help

to reduce error and improve reliability, in order to measure cortisol in large samples in
naturalistic settings, investigators need to carefully select sampling points, using empirically
informed judgments, in order to balance scientific accuracy with participant burden.
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Figure 1.

Incremental CARayc measures including 30-, 45-, and 60-min post-waking.

Stress. Author manuscript; available in PMC 2022 August 28.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Hoyt et al.

Cortisol Level (ug/dL)

Cortisol Level (ug/dL)

Participant A

1.80

1.60

1.40 4

1.20 4

1.00

.80 A

.60

.40

.20 4

.00 4

L]
X XS(

e Day 1
x Day 2

L]
X x x o X
L]

- Xeo

% X,.**g
T LI T

I T T I T
6am  9am

12pm 3pm 6pm 9pm 12am

Time of Day

Participant C

1.80

1.60

1.40

1.20 A

1.00

.80 4

.60

.40 4

.20 4

.00 4

¢ Day 1
x Day 2

6am  9am

Figure2.
Cortisol data across the day from four randomly selected study participants.

Stress. Author manuscript; available in PMC 2022 August 28.

12pm 3pm 6pm 9pm 12am

Time of Day

Cortisol Level (pug/dL)

Cortisol Level (ug/dL)

Page 16

Participant B

1.80

1.60

1.40

1.20 4

1.00

.80 A

.60 4

.40 4

.20 1

.00 4

e Day 1
x Day 2

% x
[ BN ]
C X% x x X

I T T I T
6am  9am

I T T I T T I T T I T T I T
12pm 3pm 6pm 9pm 12am

Time of Day

Participant D

1.80

1.60

1.40

1.20

1.00

.80 4

.60

40 4

.20 4

.00 4

® Day 1
x Day 2

X X
®ex® o X% x

o ® % %%

6am  9am

IS s s e ey
12pm 3pm 6pm 9pm 12am

Time of Day




Page 17

Hoyt et al.

GE0'0 €200 680°0 180°0- ONYoedvo
1%0°0 Z€0°0 9TT'0 LTT0- RS\ Vo)
1500 €600 €710 €eT'0- ONY09uvD

PUIW ST Jad |9ns] abelane (D) asuodsal Buluaseme |0s110D

1210 80€°0 290 €LT0 DNvuIN
8.00 99T°0 0.0 8800 2NVPaN
G800 6ST°0 98170 ¢L00 DNVxeN
6610 ¢1eo ¢LL0 8.00 JIdNVUIN
00T°0 §02'0 €650 S0T'0 Jonvpsn
6800 1442Y ¥8¥°0 ¥90°0 Ionwxen

oy Jad 1ans] abesane (DNY) 8AIND 8y} Japun eale [0SILI0D

200 18T°0- 1200 182°0- 094v93do|5
5200 98T°0- 1200 ¥62°0- srVado|g
5100 08T°0- 1900 882°0- 08¥v93dojg
0500 T o- 220°0- zzz 0- DivMado|g
0500 TYT0- 220°0- veeo- Fadojsutin
S¥0°0 T 0- 8€0°0- ST2°0- Jadojspan
00 s 120°0- 66T°0- Jadojsxen

ado|s 10s11409 [euiniq

(1p/61) awinpag ye josni0D

GST'0 2.00 €TL0 9000 e
6r) Buiyem 1e josiLIO

8120 €560 A ZARY p(IP/Br1) Bubfem e osiiod
WyZTYT  INdTTTT AV ¥7:2T INd 00:6 a|dwres awnpaq Jo swi |

w 8'9G NV GT:. NV 00:6 AV 0€'S a|dwes Buryem o swil

090'T 016'GT 8G9'LT €€6'CT (s1noy) axeme awin e1oL

6v8'T 0S6°LT 0¢ vT sajdures Jo JaquinN

as ues xXe N urin

‘(0z =) ajdwies 1oy sansnels aandiiosag

‘Tal1qeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Stress. Author manuscript; available in PMC 2022 August 28.



Page 18

Hoyt et al.

"sasA[eue [ Ul pasn ate sanjen pauiojsues) Boj ing sesodind aAndiiosap 10y pajussaid aie sanjen |0s1I0d mey,

0S (€22°0) LT€0 Bupfem Jaye y g
002 (T12°0) 9670 Bunfem Jaye uiw o9
54> (ovz'0) 055°0 Bunfem Jeye ulw G
§ze (6T2°0) 5€5°0 Bunfem Jaye uiw og
001 (SL2°0) £5€°0 dn-axeMm

SonIen Burulow |os1I0D
Yead % (@s) Ip/Bri u 19n3] uesN
6120 810 149K0} 169°0- doedvo
062'0 66T°0 2€9°0 92.°0- Riei25\v/e)
G820 evT0 899°0 02.°0- d094v0
mvmm:_g aoualayp ajdwis ¥vD
as ues N xXe N Ut

Author Manuscript

Author Manuscript Author Manuscript

Author Manuscript

Stress. Author manuscript; available in PMC 2022 August 28.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Hoyt et al. Page 19

Table 2.

Intraclass correlation table for different diurnal slope calculations.

Regression-based slopes

1. MaxSlopee - 0867*** 0725 0728 0598 0550 0.501

2. MedSlopeg - 0919 0914 0625 0548 0571

3. MinSlopeg - 0998 0.661™ 0588 0607
Simple slopes

4. Slopewaxe - 066277 0589 0610

5. Slopecarao - 0.986  0.968 "

6. Slopecaras - 0.978

7. Slopecarso -

Cortisol was log transformed prior to slope calculations. Regression-based slopes were based on maximum (MaxSlopeg; hourly samples) medium
(MedSlopeE; six samples per day), or minimum (MinSlopeE; two samples per day) sampling procedures, either excluding (E) or including (1) the
cortisol awakening response (CAR). SlopeWAKE is the “rise over run” slope from waking to bedtime; SlopeC AR30/45/60 are the three “rise over
run” slopes from 30/45/60-min post-waking to bedtime.

*hoA

< 0.001.
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Table 3.
Intraclass correlation table for AUC calculations.
1 2 3 4 5 6

Excluding CAR

1. MaxAUCe - 0598™ 0554 00914 0775™ 0177

2. MedAUCe - 0534 0727 08117 04117

3. MinAUCE - 0439°  0412° 03217
Including CAR

4. MaxAUC, - 09217 0.237™**

5. MedAUC, - 0.2617

6. MinAUC, -

Page 20

Cortisol was log transformed after AUC calculations. AUC indices were based on maximum (MaxAUC; hourly samples) medium (MedAUC; six
samples per day), or minimum (MinAUC; two samples per day) sampling procedures, either excluding (E) or including (1) the cortisol awakening

response (CAR). All AUC scores were divided by total time awake to account for individual differences in waking hours.

*
p<0.05.

*ok

p<0.01.

Aok

< 0.001.
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Table 4.
Intraclass correlation table for CAR calculations.
1 2 3 4 5 6
CAR area under the curve
1. CAR60ayc (4samples) - 985™** 0870 0.898™* 0.905™*" 0.923"

2. CAR45,c (3 samples)
3. CAR30puc (2 samples)

Simple difference (2 samples)

4. CAR60p
5. CAR45,,

6. CAR30p

* *

- 0930 0822 0839 0.881*""

*

- 0.662"" 0.654™" 0707

- 0.941** 0.8917"

- 0.968

Cortisol was log transformed prior to CAR calculations. Area under the curve CAR indices (CARAUC) were calculated using two points

Page 21

(CAR30AUC; wake and wake +30), three points (CAR45AUC; wake, wake +30, and wake +45), or four points (CAR60AUC; wake, wake +30,
wake +45, and wake +60), and then divided by total time from waking to sample. Simple difference CAR indices (CARD) were calculated between
two points: waking and 30-, 45-, or 60-min post-waking.

Aok

p<0.00L.
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