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A B S T R A C T

The cortisol awakening response (a rapid rise in cortisol concentration shortly after awakening) is hypothesized
to prepare the organism to cope with upcoming demands, suggesting a key role for anticipatory stress in its
regulation. Yet, no thorough test of this hypothesis incorporating temporal dynamics of the underlying processes
has been conducted so far. To address this gap in the literature, the present study investigated the effects of
anticipated stress for the next day (assessed in the evening) on an estimate of the cortisol awakening response
(assessed in the following morning). In an ambulatory assessment paradigm, 42 participants (69% female; mean
age= 22.8, range= 18–30 years) completed 5 consecutive days of assessments in their daily lives, collecting
saliva samples at awakening and 30min later. Using hierarchical linear modeling, associations with anticipatory
stress were examined separately on the within- and between-person level. In line with our expectations, an-
ticipatory stress predicted the post-awakening cortisol increase on the within-person level, implying an elevated
cortisol rise on days for which more stress than usual had been anticipated. In contrast, on the between-person
level higher average anticipatory stress did not predict an increased cortisol rise. Taken together, the findings
confirm a key role of anticipatory stress in the regulation of the cortisol awakening response on the within-
person level.

1. Introduction

After awakening, cortisol levels in humans increase sharply with
peak concentrations between 30 and 45min post-waking (Pruessner
et al., 1997). This so-called Cortisol Awakening Response (CAR) may
represent a promising biomarker of health conditions (Boggero et al.,
2017; Chida and Steptoe, 2009; Powell et al., 2013; Stalder et al.,
2016), however, its physiological function has not yet been fully un-
derstood. One prominent idea regarding the role of the CAR concerns
the preparation of the organism in anticipation of upcoming demands
(e.g. Fries et al., 2009; Powell and Schlotz, 2012). In the following, we
briefly summarize this hypothesis, review related empirical evidence
and point towards two central aspects, which have been neglected in
previous research.

Linking elevated CARs to subjective (and chronic) stress levels,

Schulz et al. (1998) hypothesized that stronger increases in post-awa-
kening cortisol levels reflect an increased need for energy, enabling the
organism to cope with imminent demands. Later, Wilhelm et al. (2007)
suggested that the CAR is associated with memory retrieval processes at
awakening related to information about the self and orientation in time
and space. On the basis of this neuroendocrine notion, Fries et al.
(2009) proposed a link between memory processes concerning demand
anticipation and the CAR. They suggested that prospective memory
representations are activated at awakening, which enable orientation
towards anticipated demands of the upcoming day thereby stimulating
cortisol secretion. Further, arguing that the magnitude of the CAR may
differ depending on the extent or intensity of anticipated demands they
emphasized the adaptive function of the CAR. Summarizing these key
points, Powell and Schlotz (2012) proposed the term CAR anticipation
hypothesis to describe the CAR as an adaptive phenomenon, which is

https://doi.org/10.1016/j.psyneuen.2019.03.024
Received 16 July 2018; Received in revised form 14 February 2019; Accepted 21 March 2019

⁎ Corresponding author at: Department for Education and Human Development, DIPF | Leibniz Institute for Research and Information in Education, Rostocker
Straße 6, 60323, Frankfurt/Main, Germany.

⁎⁎ Corresponding author at: Institute of Medical Psychology, Center for Psychosocial Medicine, University Hospital, Heidelberg University, Bergheimer Str. 20,
69115, Heidelberg, Germany.

E-mail addresses: kramer.andrea@dipf.de (A.C. Kramer), beate.ditzen@med.uni-heidelberg.de (B. Ditzen).

Psychoneuroendocrinology 106 (2019) 38–46

0306-4530/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03064530
https://www.elsevier.com/locate/psyneuen
https://doi.org/10.1016/j.psyneuen.2019.03.024
https://doi.org/10.1016/j.psyneuen.2019.03.024
mailto:kramer.andrea@dipf.de
mailto:beate.ditzen@med.uni-heidelberg.de
https://doi.org/10.1016/j.psyneuen.2019.03.024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.psyneuen.2019.03.024&domain=pdf


linked to neural activation at awakening in a dynamic fashion pre-
paring the organism to deal with anticipated demands.

Some recent studies support the assumption that demand anticipation
might be involved in the regulation of the CAR: For example, higher stress
anticipation was linked to an increased CAR in a longitudinal single-case
study (Stalder et al., 2010). Similarly, students showed a larger increase in
the CAR on a day with a realistic mock examination (i.e., taking place at
the same location and at the same time as the official exam) compared to
relaxation days (González-Cabrera et al., 2014). Using a controlled ex-
perimental design, Elder et al. (2018) provided more causal evidence on
the importance of anticipation for the modulation of the CAR: Individuals
expecting to participate in a competition the next day involving cognitively
demanding tasks showed a significantly larger CAR than participants in the
control condition expecting to perform relaxing activities. Taken together,
these studies suggest a crucial role of the CAR in preparing individuals to
cope with the challenges of the upcoming day. However, other studies
yielded contradictory findings: Cropley et al. (2015) found work-related
thoughts in the morning to be associated with a lower CAR and Powell and
Schlotz (2012) reported no significant relation between anticipated stress
for the upcoming day and the CAR. While college students showed larger
increases in the CAR when stress was anticipated for the upcoming day,
this association did not remain significant when controlling for sleep
duration (Vargas and Lopez-Duran, 2014).

In sum, results are inconsistent and do not permit clear conclusions
about the role of anticipatory stress in the regulation of the CAR. To
enhance our understanding of these regulatory processes, two major
issues need to be addressed: the time of measurement of anticipatory
stress and the level of effects investigated. Provided that anticipatory
stress was measured, the discussed studies assessed anticipatory stress
on the same morning as the CAR, after awakening. However, according
to the CAR anticipation hypothesis the magnitude of the CAR is linked
to the activation of memory representations at awakening concerning
the upcoming demands. As such, these representations need to be
formed prior to the onset of the CAR, that is, prior to awakening. In
other words, if stress anticipation shapes the CAR, it is reasonable to
assume that underlying processes occur preceding the onset of the CAR.
Consequently, to accurately reflect such temporal processes, antici-
patory stress should be assessed before the rise in post-awakening
cortisol occurs. As the CAR starts with the moment of waking up, an-
ticipatory stress needs to be measured prior to awakening, that is, be-
fore going to sleep. The present study addresses this point by assessing
anticipatory stress in the evening prior to the onset of the CAR, hence
providing a more rigorous test of the CAR anticipation hypothesis.

Further, differences between persons do not necessarily correspond
to differences within persons both conceptually and empirically (e.g.,
Hoffman and Stawski, 2009). Recently refined statistical methods such
as multilevel modeling allow separating between-person from within-
person effects in repeated measures designs. Indeed, parts of the in-
consistency in empirical findings might be attributed to the different
levels investigated (between- vs. within-person). Considering those
studies analyzing within-person relations, results depict a clear trend:
Higher anticipatory stress is associated with an elevated CAR
(González-Cabrera et al., 2014; Stalder et al., 2010). Conversely, studies
using single time-point measures provide inconclusive evidence: Some
studies show greater anticipatory stress to be linked to an increased
CAR (Elder et al., 2018) whereas others report a decreased CAR
(Cropley et al., 2015) or no significant relation (Powell and Schlotz,
2012). However, analyses in these cross-sectional studies confound
within- and between-person variance and thus, effects cannot be un-
iquely assigned to one level. To enhance our understanding of within-
and between-person effects, the current study aims at disentangling
both levels of analysis by employing a micro-longitudinal approach. On
the basis of prior research, we expected that greater self-reported an-
ticipatory stress in the evening would predict a more pronounced CAR
the next morning on the within-person level.

2. Methods and materials

2.1. Participants

Participants were recruited via an online platform at Heidelberg
University advertising ongoing psychological studies. Individuals who ex-
pressed interest in the study received written information about the pur-
pose and protocol of the investigation and completed an online ques-
tionnaire assessing eligibility. Eligibility criteria were: (1) Age between 18
and 40 years, (2) right-handedness, (3) no smoking, (4) lack of any inter-
fering disorders, including chronic physical disease, psychiatric or neuro-
logical disease, and psychological disorders, (5) no permanent intake of
medication, (6) no surgical intervention within the last 3 months, (7) no
use of hormonal birth control and no pregnancy and/or breastfeeding for
female participants, and (8) possession of a smartphone using the android
operating system (version 4.0 or higher). The final sample consisted of 42
participants (69% female) with the mean age of 22.8 years (SD=3.25,
range=18–30 years). Most participants were German native speakers
(88.1%). Non-native speakers had adequate German language skills to
understand instructions and follow the study protocol. All participants
provided written informed consent prior to the study procedures. The study
was approved by the ethics committee of the Faculty of Behavioural and
Cultural Studies at Heidelberg University and was carried out in ac-
cordance with the Declaration of Helsinki.

2.2. Procedures

The current study was part of a project investigating stress reactivity in
a laboratory setting and during everyday life using ambulatory assessment.
Interested participants filled in an online questionnaire in a first step to
determine eligibility. Of the 60 participants who completed this assess-
ment, 51 fulfilled all criteria and were invited to the second part of the
study, which consisted of a laboratory based assessment using the Trier
Social Stress Test (TSST; Kirschbaum et al., 1993), that is not part of the
present analyses. Nine participants did either not schedule an appointment
for the upcoming sessions or they scheduled an appointment but did not
show up, yielding a final sample of 42 participants. At the end of the la-
boratory assessment, the movisensXS-app (version 1.0.0 and version 1.1.0,
movisens GmbH, Karlsruhe, Germany), which was used for administering
all questionnaires during the ambulatory assessment, was installed on
participants’ personal smartphones. Participants received (oral and written)
information on how to proceed during the following five assessment days
in their daily lives, and obtained the necessary equipment to collect the
cortisol samples. They indicated the time at which they would get up on
each of the following five days so that the movisensXS-app could be pro-
grammed to start the first survey of the day at the given time. This forced
awakening procedure was chosen to ensure the collection of the first cor-
tisol sample immediately upon awakening. In this context, the meaning of
‘the moment of being awake’ was explained precisely to the participants
and the importance of adherence to the sampling protocol was emphasized.
Since the research question addressed in the present study focusses on the
daily life context, the following sections will provide a description of the
procedure and measurements used in this ambulatory assessment phase.

Each ambulatory assessment day started with the so-called morning
survey, which required participants to provide the first saliva sample,
indicate the amount of minutes passed since waking up, and fill in
several questionnaires. Completion of the morning survey took ap-
proximately 3min. Participants were asked to refrain from eating,
drinking, smoking and brushing their teeth within the next 30min to
prevent any influences on cortisol secretion in the post-awakening
period. The morning survey determined the onset of four further sur-
veys (further referred to as saliva surveys) with fixed timing throughout
the day, which were scheduled 0.5, 2.5, 8 and 12 h after the morning
survey. During these surveys, participants collected saliva samples and
responded to questionnaires along with control questions. Completion
of the questionnaires and providing the sample took approximately
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4min. Additionally, participants received 15 prompts for further self-
report data collection per day (random surveys), which occurred ran-
domly within 14 h after the morning survey (with the additional con-
straint that they were spaced at least 25min apart). The random sur-
veys consisted of a short questionnaire, which took less than 1min to
complete. Before brushing their teeth and going to bed, participants
were instructed to initiate the final assessment of the day. During this
evening survey, participants again responded to several questionnaires
and collected the last saliva sample. Completing the evening survey
took approximately 7min. Participants were instructed to store all
saliva samples in their freezer or fridge until the end of the study. The
day after their last daily assessment (i.e., six days after the TSST) all
participants reported to the laboratory again, returned the cortisol
samples and filled in a final set of questionnaires. Of the potential 210
morning assessments (42 participants x 5 days), 198 were filled in,
corresponding to a compliance rate of 94.3%. Similar numbers were
obtained for the saliva surveys (90.8% of potential 840 assessments),
the random surveys (86.5% of potential 3150 assessments), and the
evening surveys (98.6% of potential 210 assessments). Participants
received 100€ compensation and – if they had completed more than
85% of all questionnaires in the ambulatory assessment phase – they
obtained additional 15€.

2.3. Measurements

2.3.1. Cortisol awakening response
To assess cortisol, participants collected saliva samples using SaliCaps®

(IBL, Hamburg, Germany). Participants accumulated saliva for 60 s before
drooling it into the tube using a plastic straw. Labels on the tubes indicated
the number of the test person, the assessment day (ranging from 1 to 5) and
the sample within the day (ranging from 1 to 6). The CARwas estimated by
calculating the difference between the cortisol concentration of the first
and the second saliva sample. Thus, the estimated CAR reflects the change
in cortisol levels from the first (awakening) to the second measurement
(+30min). Given the comprehensive study design (with 21 daily assess-
ments), we did not follow the recommendation of using at least three saliva
samples to assess the CAR (Stalder et al., 2016) to keep the burden for
participants at a reasonable level. We utilized self-reports (instead of ob-
jective measurements) to determine awakening times. The app enabled
objective monitoring of adherence to the sampling protocol via encoding
the time point at which participants answered a survey and thus, received
the instructions to collect the sample.

2.3.2. Anticipatory stress
Stress anticipation of the next day was measured during the evening

survey using an adapted version of the Anticipatory Stress Questionnaire
(ASQ; Powell and Schlotz, 2012), which consisted of four items. The items
were presented during the evening survey and responses were given on a
seven-point Likert-Scale (1 = I completely disagree; 7 = I completely agree).
The adapted ASQ comprises German translations of the following items: (1)
“I expect tomorrow to be a stressful experience.”; (2) “I feel in control of
those events I expect to occur tomorrow.”; (3) “I am confident I can cope
with what challenges tomorrow will present.”; (4) “I am worried about
how tomorrow will turn out.”. Item scores were averaged with reversed
items (2 and 3) being recoded so that higher values represented greater
anticipatory stress. Within-person internal consistency (within-person
McDonald's ω; Geldhof et al., 2014) was .74 in this sample. The reliability
on the between-person level (between-person McDonald's ω; Geldhof et al.,
2014) was estimated as .92.

2.3.3. Covariates
Stress experience and sleep may relate to anticipatory stress as well

as the CAR. Therefore, we included the daily stress level of the previous
day (i.e., measured on the same day as stress anticipation) as well as
sleep quality and sleep duration (measured on the same day as the CAR)
as covariates in the analysis. Current stress experience was assessed on
each of the total of 21 measurements per day using one item (“At the
current moment I feel stressed”). Answers were given on a visual analog
scale (VAS) ranging from not at all (coded as 0) to very (coded as 100)
with higher scores indicating an elevated current stress level. Daily
stress levels were computed as the average of all current stress ratings
during each assessment day. Sleep quality was assessed in the morning
survey by asking participants how well they had slept and how restful
their sleep had been on a VAS ranging from very bad to very good and
from not restful at all to very restful, respectively. Item scores were
averaged into one subjective sleep quality score per night and person
with 0 representing the lowest and 100 the highest possible value.
Higher scores indicated better subjective sleep quality. The within-
person correlation of the two items was .64; the between-person cor-
relation amounted to .80. Sleep duration was also measured during the
morning survey. Participants indicated how long they had slept during
the previous night. Answers referred to length in hours (decimal hours
were allowed). Additional covariates included the cortisol level at
awakening and sex. For an illustration of the different time points of
time-varying measures used to predict the estimated CAR, please see
Fig. 1.

Fig. 1. Overview of the different times of measurement of the
variables in daily life used to predict the CAR. The dependent
variable (CAR) on day t was estimated as the difference be-
tween the first and the second measurement on day t. It was
predicted by stress anticipation and stress level of the day
before, i.e., of day t-1. Additional predictors included the
cortisol level at awakening (S1) as well as sleep quality and
sleep duration of the last night. These predictors were mea-
sured on the same day as the CAR, i.e., on day t. Sex was also
included as a predictor but is not depicted in the figure.
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2.4. Cortisol analysis

After participants had returned the saliva samples to the laboratory
the samples were frozen at −80 °C until analysis. Prior to analysis,
samples were centrifuged at 3000 g for 10min. Salivary cortisol levels
were measured in duplicate using an enzyme-linked immunosorbent
assay (ELISA; RE52611, IBL International, Hamburg, Germany), at the
biochemical lab at the Institute of Medical Psychology, University
Hospital Heidelberg. We used the mean value (in nmol/L) of both
measurements for all analyses. Cortisol samples showing red or blue
discoloration were excluded from analysis as this indicates con-
tamination of samples. The inter-assay coefficient of variation (CV) was
7.45%, and the intra-assay CV of all remaining cortisol samples (re-
ferring to all samples collected per day) was 6.58%. With regards to the
estimated CAR, participants provided 200 out of the potentially avail-
able 210 CAR estimates. The exclusion of red or blue cortisol samples
pertained to two CAR estimates. Repeated determination of one sam-
ple’s cortisol concentration yielded values outside the measurable range
(0.41–82.8 nmol/L). Therefore, the CAR estimated on the basis of this
sample was excluded from analysis. For statistical analyses, the first
sample of the day was excluded if it was collected more than 15min
after (self-reported) awakening (n=26) to ensure an accurate estima-
tion of the CAR (Stalder et al., 2016) or if no data was available on how
many minutes ago the participant had woken up (n=11). This led to a
final sample of 160 CAR estimates. Due to missing values on predictor
variables, effective sample sizes can vary from model to model (see
Table notes for details).

2.5. Statistical analysis

We tested our hypothesis using multi-level models, also known as
hierarchical linear models (HLM; Raudenbush and Bryk, 2002) to ac-
count for the nested data structure (observations nested within in-
dividuals). In order to distinguish within-person from between-person
effects, the predictor as well as the covariates (except for sex) were
centered using two different methods before being entered into the
model (e.g., Hoffman and Stawski, 2009). First, all time-varying vari-
ables (anticipatory stress, previous day’s daily stress, sleep quality,
sleep duration, cortisol level at awakening) were centered on the
person-mean. Second, person-level variables (the person-means of all
time-varying variables) were centered on the grand-mean. On the
person-level, we also included sex as a covariate (with value of 0 re-
presenting female sex). To test the study hypothesis, the estimated CAR

was modeled as a function of both time-varying and person-level
variables. In the first step, effects of all variables were modeled to be
constant across participants resulting in a random-intercept-fixed-slope-
model (Model 1). Next, the effects of time-varying predictors were al-
lowed to vary across persons, resulting in a random-intercept-random-
slope-model. Notably, a model with all five random slopes included
failed to converge. We therefore removed random effects from the
model in a stepwise approach. This resulted in a model including three
random effects. As there are ten possibilities to include three (out of five
possible) random effects in the model, we estimated the ten different
versions of the model. Of those ten models, we report the best fitting
model (determined as the model with the smallest Akaike Information
Criterion; AIC) below (Model 2). Detailed results on the nine alternative
models (Model a–i) can be found in Table A of the online Supplemental
material.

Models were compared using likelihood ratio tests for nested models
as well as the AIC and variance explained (R2; computation based on
Xu, 2003). Graphical inspections of the residuals of the final model as
well as descriptive statistics of skew and kurtosis (|both|< 1) indicated
that distributional assumptions of the linear model were met. Analyses
were performed using the nlme package (Pinheiro et al., 2017) in R
(version 3.5.1 for Windows; R Core Team, 2018) as well as Mplus
(version 8; Muthén and Muthén, 1998–2017Muthén and Muthén,
1998Muthén and Muthén, 1998–2017).

3. Results

Table 1 depicts descriptive statistics on the between- and within-
person level. All time-varying variables exhibited variation on both the
between- and the within-level, with intra-class correlations ranging
from .18 to .74. The estimated CAR ranged between −31.03 and
56.57 nmol/L with a mean of 7.89 nmol/L (SD =5.94 nmol/L) across
all days and persons. Correlations between variables were small or
modest across and within persons, except for the correlation between
the CAR estimates and the cortisol level at awakening on the within-
person level, which amounted to r = −.52. On the between-person
level, anticipatory stress correlated highly with daily stress (r= .59)
and sleep quality (r = −.51).

3.1. Main analysis

Comparing the random-intercept-fixed-slope-model (Model 1) to the
model including random effects for anticipatory stress, sleep quality,

Table 1
Descriptive Statistics.

Correlations

Mean Range Between SD Within SD ICC Sexa CARb Cortisol Level at
Awakeningb

Anticipatory
Stress

Daily
Stress

Sleep
Quality

Sleep
Durationc

Sexa 0.31 0–1 0.46 –
CARb 7.89 −31.03 to

56.57
5.94 8.81 .31 −.16 – −.52*** −.09 .25*** .18 .01

Cortisol Level at
Awakeningb

11.36 0.92–71.05 5.06 7.25 .33 .30 −.07 – .06 −.11 −.19 −.01

Anticipatory Stress 3.01 1.00–6.75 0.85 1.00 .42 .10 .31 .10 – .06 −.13 .06
Daily Stress 26.77 0.63–83.48 14.71 8.83 .74 −.09 .24 .21 .59*** – −.06 .10
Sleep Quality 57.55 1.5–98.5 9.59 16.45 .25 .23 −.22 .12 −.51* −.27 – .38***

Sleep Durationc 7.22 2–14 0.71 1.52 .18 .30* −.35 .08 −.26 −.09 .39 –

Note. Between-person correlations are depicted below the diagonal, within-person correlations are shown above the diagonal. CAR=Estimated Cortisol Awakening
Response; ICC= Intra-class Correlation Coefficient.

a 0 = female; 1 = male.
b In nmol/L.
c In hours.
* p ≤ .05.
*** p≤ .001.
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and the cortisol level at awakening (Model 2) revealed a better model
fit of the latter, χ²(9)= 25.202, p= .003. The respective parameter
estimates of both models are presented in Table 2.1

Referring to the upper panel of Table 2, labeled fixed effects, Model 2
revealed that participants showed an elevated CAR estimate on days for
which they had anticipated higher stress the night before, b=1.884,
95% CI [0.173; 3.595]. This finding is in line with the CAR anticipation
hypothesis. On the between-person level, there was no effect of an-
ticipatory stress, b=0.334, 95% CI [−1.896; 2.564]. That is, partici-
pants anticipating generally more stress (averaged over all days) did not
show a more pronounced CAR estimate. Taken together, the findings
support the CAR anticipation hypothesis on the within- but not on the
between-person level (see Fig. 2 for an illustration of the difference
between the two levels investigated).2 Furthermore, model results in-
dicate that yesterday’s stress experience was also related to today’s CAR
estimate: Participants showed a larger CAR estimate when their pre-
vious day had been more stressful than usual (b=0.200, 95% CI
[0.061; 0.338]). Additionally, the cortisol level at awakening predicted
the CAR estimate on the within- as well as on the between-person level.
That is, on days with a higher cortisol concentration at awakening than
usual participants displayed a blunted estimated CAR (b = −0.916,
95% CI [−1.182; −0.650]) and participants displaying generally
higher cortisol levels at awakening were characterized by an attenuated
CAR estimate (b = −0.384, 95% CI [-0.652; −0.116]). The lower
panel of Table 2, labeled random effects, indicates that participants

differed in the extent to which anticipatory stress, sleep quality, and the
cortisol level at awakening affected the CAR estimates.

3.2. Sensitivity analyses

To explore the stability of the results we conducted a series of
sensitivity analyses. First, we re-estimated the final model excluding
negative CAR estimates from the analysis. The CAR is supposed to re-
flect an increase in cortisol levels after awakening, and thus, negative
CAR estimates may indicate measurement error or lack of compliance
with instructions, potentially biasing the results. Second, we followed
the recommendation of Stalder and colleagues (2016) to repeat the
analysis only including cortisol samples collected within 5min after
awakening. Biased estimates of the CAR have been well established
with a sampling delay of 15min (see Stalder et al., 2016). For this
reason, we had initially excluded samples collected later than 15min
after awakening. However, the influence of smaller sampling delays on
cortisol measurements is less well known. Thus, we intended to check
whether the results of our final model also hold when only using very
accurately collected samples. Third, we combined the two approaches
and excluded cases with a sampling delay of more than 5min as well as
negative CAR estimates to test whether our results hold under very
conservative restrictions. Finally, we tested whether the results were
robust when excluding outliers using the±3 SDs criterion. This means
that CAR estimates were excluded when the respective value was 3 SDs
above or below the sample mean of the respective day.3 Results of the
sensitivity analyses can be found in Table 3.

Excluding negative CAR estimates (Model S1) did not change the
pattern of results on the within-person level reported for the main
analysis. However, the confidence interval of the between-person effect

Table 2
Multilevel Models of Anticipatory Stress Predicting the Estimated CAR.

Model 1 Model 2

Fixed Effects

Est. 95% CI Est. 95% CI

Intercept 7.259 [4.785; 9.734] 7.112 [4.849; 9.375]
Within lag Anticipatory Stress 1.831 [0.341; 3.322] 1.884 [0.173; 3.595]
Within lag Daily Stress 0.261 [0.101; 0.420] 0.200 [0.061; 0.338]
Within Sleep Quality 0.087 [−0.015; 0.189] 0.116 [−0.020; 0.253]
Within Sleep Duration −0.338 [−1.386; 0.711] 0.290 [−0.598; 1.177]
Within Cortisol Level at Awakening −0.621 [−0.810; −0.431] −0.916 [−1.182; −0.650]
Between Anticipatory Stress 0.588 [−2.209; 3.384] 0.334 [−1.896; 2.564]
Between Daily Stress 0.149 [−0.008; 0.306] 0.070 [−0.062; 0.203]
Between Sleep Quality 0.028 [−0.171; 0.228] 0.010 [−0.147; 0.167]
Between Sleep Duration −1.132 [−3.435; 1.170] −0.516 [−2.406; 1.373]
Between Cortisol Level at Awakening −0.340 [−0.673; −0.007] −0.384 [−0.652; −0.116]
Sexa 1.454 [−3.458; 6.366] 0.310 [−3.812; 4.432]

Random Effects (Variances)

Intercept 25.102 27.121
Within lag Anticipatory Stress – 11.001
Within sleep quality – 0.092
Within cortisol level at awakening – 0.242
Residual 49.489 23.112

Model Fit Parameters

AIC 949.652 942.45
R2 .421 .729

Note. Table depicts point estimates. The word lag indicates that the respective predictor was measured the day prior to the assessment of the CAR. For better clarity,
parameters are printed in bold, if the confidence interval does not include the value zero. Computation of R2 based on Xu (2003). Number of participants= 41; total
number of observations= 131; Est. = Estimate; CI=Confidence Interval; AIC=Akaike Information Criterion.

a 0 = female; 1 = male.

1 Please note that our primary research hypothesis only regards the within-
person effect of stress anticipation on the CAR estimate. The other tests reported
in this section should be considered exploratory. Because of multiple testing,
there is an overall increased probability for chance findings involving the ef-
fects of the other predictors/covariates in the model.
2 When including time as an additional predictor – either with a fixed or with

a random slope – the model results did not change. In both models, time did not
predict the CAR estimate.

3 There were no outliers on the within-person level (i.e., using the criterion
of± 3 pooled within-person SDs above the respective person mean).
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of the cortisol level at awakening contained the value of zero, b =
−0.024, 95% CI [−0.376; 0.329]. When including only cortisol sam-
ples collected within 5min after awakening (Model S2), the effects on
the between-person level remained unchanged compared to the main
analysis. On the within-person level, however, previous day’s stress no
longer predicted the estimated CAR, b=0.095, 95% CI [−0.042;
0.231]. This was also the case for the model additionally excluding
negative CAR estimates (Model S3), b=0.021, 95% CI [−0.132;
0.174]. Further, on the between-person level, the cortisol level at
awakening did not predict the magnitude of the estimated CAR in this
model, b = −0.004, 95% CI [−0.321; 0.313]. Three CAR estimates
were 3 SDs above or below the daily sample mean. Excluding these
outliers (Model S4) did not change the model results reported in the
main analysis. In all models (S1–S4), the 95% confidence intervals of
the within-person effect of anticipatory stress did not include zero.

4. Discussion

To the best of our knowledge, this is the first study to investigate
temporal dynamics of within-person anticipatory stress processes in parti-
cipants’ daily lives that are assumed to impact the magnitude of the CAR.
Therefore, our work provides a more direct test of the CAR anticipation
hypothesis. Furthermore, the adoption of a repeated measurement ambu-
latory assessment design across five days in combination with the use of
multi-level modeling allowed a disaggregation of within- and between-
person effects. In line with our expectations, results indicated that higher
anticipatory stress was associated with a more pronounced CAR the next
day, consistent with the CAR anticipation hypothesis on the within-person
level. On the between-person level anticipatory stress was not linked to the
magnitude of the CAR, suggesting no overall differences in the CAR be-
tween individuals with higher vs. lower average stress anticipation. Thus,
results illustrate the importance of distinguishing within-person from be-
tween-person effects.

Fig. 2. Left-hand side: Scatterplot of between-person relations
of anticipatory stress and the estimated cortisol awakening
response (averaged across the study period) as well as model
predicted between-person relationship of anticipatory stress
and the estimated cortisol awakening response. Abscissa
shows the raw scores of anticipatory stress (range: 1–5). Right-
hand side: Spaghetti plot of average (thick) and person-spe-
cific (thin) regression lines for the estimated cortisol awa-
kening response as a function of anticipatory stress. Abscissa
represents the deviation from the person mean in anticipatory
stress.

Table 3
Multilevel Models of Anticipatory Stress Predicting the Estimated CAR Based on Specific Subsamples.

Model S1 Model S2 Model S3 Model S4

Fixed Effects

Est. 95% CI Est. 95% CI Est. 95% CI Est. 95% CI

Intercept 8.424 [6.428; 10.420] 5.855 [3.553; 8.158] 7.847 [5.847; 9.846] 6.957 [4.821; 9.093]
Within lag Anticipatory Stress 1.915 [0.167; 3.663] 2.619 [0.486; 4.752] 2.642 [0.359; 4.924] 1.524 [0.169; 2.880]
Within lag Daily Stress 0.164 [0.013; 0.316] 0.095 [−0.042; 0.231] 0.021 [−0.132; 0.174] 0.154 [0.009; 0.299]
Within Sleep Quality 0.086 [−0.057; 0.229] 0.065 [−0.086; 0.217] −0.007 [−0.160; 0.146] 0.128 [−0.005; 0.260]
Within Sleep Duration 0.080 [−0.862; 1.022] 0.858 [0.023; 1.693] 0.861 [−0.001; 1.723] 0.189 [−0.680; 1.058]
Within Cortisol Level at Awakening −0.650 [−1.046; −0.253] −1.143 [−1.472; −0.813] −0.646 [−1.053; −0.238] −0.665 [−0.862; −0.467]
Between Anticipatory Stress 1.414 [−0.728; 3.556] 0.394 [−1.559; 2.347] 1.644 [−0.104; 3.392] 0.574 [−1.665; 2.813]
Between Daily Stress 0.038 [−0.079; 0.154] 0.053 [−0.067; 0.173] 0.017 [−0.085; 0.119] 0.064 [−0.070; 0.198]
Between Sleep Quality 0.078 [−0.058; 0.214] 0.019 [−0.128; 0.166] 0.102 [−0.022; 0.226] 0.039 [−0.120; 0.197]
Between Sleep Duration −0.447 [−2.146; 1.251] −0.297 [−1.975; 1.380] −0.413 [−1.855; 1.028] −0.736 [−2.648; 1.176]
Between Cortisol Level at Awakening −0.024 [−0.376; 0.329] −0.525 [−0.752; −0.297] −0.004 [−0.321; 0.313] −0.441 [−0.705; −0.176]
Sexa 1.387 [−2.416; 5.191] 1.858 [−1.913; 5.629] 0.917 [−2.372; 4.206] −0.128 [−4.189; 3.932]

Random Effects (Variances)

Intercept 14.583 26.382 10.953 22.193
Within Anticipatory Stress 10.708 19.249 24.295 2.700
Within sleep quality 0.082 0.105 0.923 0.081
Within cortisol level at Awakening 0.225 0.311 0.345 0.096
Residual 21.861 13.347 11.718 24.935

Note. Table depicts point estimates. Model S1 represents the model including only positive cortisol awakening reactions (number of participants= 40; total number
of observations= 113); model S2 denotes the model including only samples collected within 5min after awakening (number of participants= 40; total number of
observations=100); model S3 represents a modification of model S2 by additionally excluding negative cortisol awakening reactions (number of participants= 39;
total number of observations= 89); in model S4 outliers were excluded from the analysis (number of participants= 41 ; number of observations= 127). The word
lag indicates that the respective predictor was measured the day prior to the assessment of the CAR. For better clarity, parameters are printed in bold, if the
confidence interval does not include the value zero. Est. = Estimate; CI=Confidence Interval.

a 0 = female; 1 = male.
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4.1. The association between anticipatory stress and the CAR on the within-
person level

On the within-person level, our results corroborate previous find-
ings on the relationship between anticipatory stress and the CAR
(González-Cabrera et al., 2014; Stalder et al., 2010) and imply a fun-
damental role of anticipation of stress and demands: A stronger increase
in cortisol levels during the post-awakening period was observed, when
more stress than usual had been anticipated for this day (indicated by
the participants the night before). The robustness of this finding was
further corroborated by the sensitivity analyses: When excluding cases,
which might have biased the results (i.e., days with negative CAR es-
timates, days with sampling delay, or outliers), the within-person effect
of anticipatory stress remained significant. Of note, in most of these
models there were less observations available than in the main analysis
(the number of observations ranged from 89 to 127 in the sensitivity
analyses). Fewer observations reduce the power of the analyses and
might also lead to instable parameter estimation, which may explain
the slight change in the pattern of effects seen in some of the models
(S1-S4). In this context of instable estimates, the fact that the within-
person effect of anticipatory stress remained significant in all models
supports the stability of the results.

Our study provides support for the CAR anticipation hypothesis,
which proposes that the CAR prepares the organism to deal with up-
coming challenges and that the CAR is adaptive, that is, its magnitude
differs depending on the extent or intensity of anticipated demands
(e.g., Fries et al., 2009; Powell and Schlotz, 2012). A higher CAR po-
tentially reflects an increased mobilization of energy, which, in turn,
might help the organism to cope with the anticipated demands (Adam
et al., 2006). Hence, the present results suggest an important role for
stress anticipation in the modulation of the CAR. Collecting information
on what types of stressors were anticipated could provide interesting
insights on potential moderating mechanisms. Specific characteristics
of anticipated demands may further affect the CAR. For example, in
their meta-analysis Dickerson and Kemeny (2004) found stressors
characterized by social-evaluative components (where performance can
be judged by others) or uncontrollability (where behavioral responses
do not influence the outcome of the situation) to elicit greater stress
responses than non-evaluative or controllable stressors. Accordingly,
investigating the magnitude of the CAR as a function of different
characteristics of anticipated stressors might present a promising
avenue for future research. In addition, there is evidence that not only
the anticipation of adverse outcomes but also of positive events influ-
ences the magnitude of the CAR: Children showed an increased CAR on
days when they anticipated getting a present compared to control days
(Bäumler et al., 2014). Hence, the CAR may be modulated by antici-
pation processes in general.

In addition to stressor types, future research should also consider to
study psychological processes that might play an important role for the
anticipation-CAR link: Anticipating stressful events might help the in-
dividual to take preparatory actions and as such facilitate proactive as
well as anticipatory coping (see Neupert et al., 2019). Proactive coping
refers to efforts or strategies undertaken to prevent the occurrence of a
stressor (Aspinwall and Taylor, 1997) whereas anticipatory coping re-
fers to efforts and strategies to minimize the possible negative con-
sequences of an upcoming stressful event (Folkman and Lazarus, 1985).
Accordingly, anticipation of upcoming demands could improve coping
with the respective stressor when it occurs. In line with this assumption,
Neupert and Bellingtier (2018) showed that younger adults experienced
less negative affect in reaction to home stressors (but not other stressor
types) when an increased amount of home stressors had been antici-
pated.

With regard to the adaptive role of the CAR, it is of note that the
present sample consisted of healthy young adults who reported to an-
ticipate relatively minor everyday life stressors. In other populations,
however, an increased CAR in reaction to more intense stress

anticipation may not necessarily be adaptive. Furthermore, based on
the Allostatic Load Model (McEwen, 2017) it might be expected that
chronic or repeated stress anticipation and resulting increases in the
CAR might lead to adaptation processes with reduced central nervous
feedback sensitivity of the HPA axis and long-term alterations in these
processes. As such, the adaptive role of the CAR could wear off under
conditions of chronic stress anticipation. This might be the case in, for
example, individuals with major depression, a condition that has been
characterized by chronically elevated cortisol levels (Plotsky et al.,
1995). In reaction to negative events or stressors, participants with
depression did not show significant elevations of cortisol compared to
healthy controls in a study by Peeters et al. (2003) suggesting that
depressed individuals show altered neuro-endocrinological processes.
As a consequence, a more pronounced CAR in response to stress an-
ticipation may not necessarily reflect an adaptive process in this po-
pulation.

4.2. The association between anticipatory stress and the CAR on the
between-person level

Persons anticipating more stress in general did not display elevated
CARs. Thus, with regard to between-person effects the present results
are in line with another study investigating the CAR anticipation hy-
pothesis in the daily life context that also did not find a reliable asso-
ciation (Powell and Schlotz, 2012). However, our results do not match
previous findings from an experimental study in a controlled laboratory
setting which reported a positive relationship between anticipatory
stress and the CAR (Elder et al., 2018). This might indicate that effects
established in a laboratory setting do not necessarily transfer to the
daily life context. Nevertheless, when comparing our between-person
effect (or the lack thereof) to these findings it must be noted that
analyses in both studies (Elder et al., 2018; Powell and Schlotz, 2012)
confounded within-person and between-person variance, given the
cross-sectional nature of these studies. Therefore, it is not possible to
attribute the results of these studies uniquely to the between-person
level. Accordingly, more research disentangling both levels is needed to
draw firm conclusions about between-person relations of anticipatory
stress and the CAR. In addition, it is also important to carefully interpret
the finding on the between-person level in our study. Our sample
consisted of 42 participants and thus, with respect to the between-
person level statistical power was limited. A larger sample might be
needed to detect small to medium between-person effects. For this
reason, findings regarding the between-person analyses need to be in-
terpreted very cautiously and we do not intend to draw strong con-
clusions from these particular results obtained in our study.

4.3. Strengths and limitations

Using a micro-longitudinal approach in everyday life allowed clar-
ification of underlying temporal dynamics regarding stress anticipation
and the CAR in an ecologically valid setting. In combination with the
statistical approach, the longitudinal design permitted to separate
within- from between-person effects. Furthermore, several sensitivity
analyses confirmed the stability of the findings from our main analyses
and therefore support the robustness of the within-person effect of
anticipatory stress on the CAR. To the best of our knowledge, the pre-
sent study was the first to provide a test of the CAR anticipation hy-
pothesis on the within-person level using stress anticipation measured
prior to the onset of the CAR as predictor of the CAR. As such, the
present investigation extends studies with an experimental focus on
anticipatory stress (Elder et al., 2018) or naturally occurring stressors
(González-Cabrera et al., 2014), which did not include measures of
subjective stress anticipation. Above this, the present study addressed
the temporal dynamics of the transmission processes (cf. Cropley et al.,
2015; Powell and Schlotz, 2012; Stalder et al., 2010; Vargas and Lopez-
Duran, 2014). In this regard, the present work provides valuable

A.C. Kramer, et al. Psychoneuroendocrinology 106 (2019) 38–46

44



information that enhances our understanding of the function of the
CAR.

Nevertheless, the findings should be interpreted in light of several
limitations: First, concerning the number of saliva samples, it is re-
commended to use at least three samples in the post-awakening period
to accurately capture the CAR as peak levels can occur within 45min
after awakening (Stalder et al., 2016). Thus, peak levels of cortisol se-
cretion were possibly missed in the present study as we used only two
samples within 30min after awakening to assess the CAR. The number
of required samples was restricted to a minimum in order to avoid a
decrease in participants’ motivation to adhere to the (rather burden-
some) study protocol. We therefore collected only two samples to es-
timate the CAR, following the procedures used in past research (e.g.,
Adam et al., 2006; Griefahn and Robens, 2008; Wetherell et al., 2015).
However, we expect that a possibly inaccurate assessment of the CAR
might have reduced the power of the statistical analyses, thus – if
anything – resulting in an underestimation of effects of anticipated
stress on the CAR.

Second, the lack of objective tools to assess the time of awakening
constitutes another limitation of the present study. The expert con-
sensus guidelines (Stalder et al., 2016) recommend objective mon-
itoring of awakening to guarantee an accurate assessment of the CAR.
We did not implement objective tools (e.g., actigraphy) and thus, we
cannot completely rule out the possibility that participants did not
collect the first sample immediately upon awakening. However, the app
administering the questionnaires and instructions for saliva collection
was programmed to start the first assessment of the day at the same
time when the participant’s alarm would go off, which should then, in
turn, lead to accurate sampling immediately upon awakening. The
timing of the alarm was set by the participants on the day prior to the
ambulatory assessment phase. Nevertheless, participants may have
woken up prior to the planned wake-up time. Therefore, we also relied
on participant’s self-reports to exclude days on which they had woken
up more than 15min prior to filling in the morning survey and thus,
collecting the first sample. Because participants received detailed in-
structions for sample collection each time sampling was required, it
seems unlikely that participants postponed the sample collection but
answered the questionnaires. Still, due to the lack of objective mon-
itoring the estimates of the CAR might have been assessed with less
precision, which might explain the presence of 18 (out of 131) negative
CAR estimates, potentially indicating method bias (see Stalder et al.,
2016).4

Finally, including only young and healthy adults restricted the re-
presentativeness of the sample and thus the generalizability of the re-
sults. Larger and more heterogeneous samples would allow for more
thoroughly investigating (a) the generalizability of the findings beyond
a student population, (b) factors potentially moderating the anticipa-
tion-CAR association, and (c) the between-person association (or lack
thereof) of stress anticipation and the CAR.

5. Conclusions

Taken together, this study provides compelling evidence for the role
of anticipated demands in the modulation of the CAR. Our findings
point towards a key role of the CAR in preparing the organism to cope
with challenges of the upcoming day and thus proved evidence con-
sistent with the CAR anticipation hypothesis (Powell and Schlotz, 2012)
on the within-person level. Future research could investigate whether
the CAR differs depending on the characteristics or quality of antici-
pated stressors. Above this, these results can lay the ground for in-
vestigating the clinical relevance of the CAR and further adaptation
processes in the anticipation of substantially stressful events. Finally,
the current results clearly point to the dissociation of within- and be-
tween-person effects. We therefore encourage the use of study designs
and statistical approaches enabling the segregation of effects.
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