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ABSTRACT

Exposure to excessive and long-term stress may result in dysregulation of the stress system, including the acute
stress response. In particular, failure to downregulate stress-related reactivity may lead to prolonged stress re-
sponses and the accumulation of allostatic load. However, the contribution of altered acute cortisol recovery to
chronic stress and associated health impairments has often been neglected. Addressing this lack of research, we
explored whether recovery from — more so than reactivity to — acute stress captures the basal stress load of an
individual. Using Piecewise Growth Curve Models with Landmark Registration, we analyzed cortisol reactivity
and recovery slopes of 130 healthy participants exposed to a standardized psychosocial laboratory stressor.
Reactivity and recovery were predicted by measures indicative of long-term stress and its downstream effects,
including self-report questionnaires, diurnal cortisol indices [cortisol awakening response (CAR); diurnal cortisol
slope], markers of pro-inflammatory activity (interleukin-6; high-sensitive C-reactive protein), and hippocampal
volume (HCV). Among these measures, only an increased CAR was specifically and consistently associated with
relatively impaired recovery. Since the CAR represents the physiological enhancement needed to meet the
anticipated demands of the forthcoming day, this finding may highlight the contribution of cognitive processes in
determining both CAR and acute stress recovery. Furthermore, greater cortisol reactivity covaried with smaller
HCV, showing that increased acute reactivity translates to health-relevant downstream effects. The lack of
further associations between long-term and acute stress measures may arise from biases in self-reported chronic
stress and the rigorously health-screened study sample. Overall, our findings suggest that while cortisol stress
recovery might not supersede reactivity as an indicator of the long-term stress load or associated health effects,
recovery and reactivity have differential utility in describing individuals’ allostatic states.

1. Introduction

The subjective experience of psychosocial stress is accompanied by
the activation of sympathetic nervous system and hypothalamic-

Psychosocial stress is an inherent part of modern lifestyle. Accord-
ingly, the incidence of stress-associated medical conditions, including
cardiovascular, metabolic, and autoimmune diseases, is steadily on the
rise (e.g., Agorastos and Chrousos, 2022; Chrousos, 2009). Individual
and societal costs of excess stress are substantial (Hassard et al., 2018;
Patel et al., 2018), and the young report higher levels of stress than any
generation prior (American Psychological Association, 2018).

pituitary-adrenal (HPA) axis, which cause the release of catechol-
amines and the steroid hormone cortisol. In the acutely threatening
event, this stress cascade provides an organism with the necessary
motivation and energy to survive. However, if activated over an
extended time period, the principal stress mediators and their down-
stream effects may lead to a wear and tear on the body termed “allostatic
load” (Guidi et al., 2021; McEwen, 1998).
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There are several ways to capture the long-term stress load. For
instance, self-reports of stress experience within a retrospective time
frame can be assessed using standardized questionnaires. On the level of
HPA axis activity, repeated cortisol samples over the course of the day
reflect the dynamics of diurnal cortisol secretion. However, the diurnal
cortisol profile only provides a narrow window into an individual’s long-
term cortisol exposure. Hair cortisol levels, by contrast, capture systemic
cortisol exposure over up to three months, and are less prone to state-
related variance (Stalder et al., 2017). Typically, studies infer in-
dividuals’ habitual psychosocial stress responding from a single assess-
ment of stress reactivity in the laboratory. In other words, if a participant
shows high cortisol release in response to an acute stressor, it is assumed
that stress responses in daily life are equally high, thus accumulating to
long-term elevated cortisol release.

With the repeated activation of the stress system in states of chronic
stress, the organism is exposed to high levels of catecholamines and
cortisol over an extended period of time. As has been shown in the an-
imal model over many years, this process may wear out the various
interconnected mechanisms in charge of keeping the stress response
flexible (Herman et al., 2016), thus preventing proper shut down and
recovery after acute stress exposure (McEwen, 2006, 2019). Based on
this rationale, we hypothesized that rather than the absolute amplitude
of acute cortisol release, the ability for cortisol recovery after stressor
termination may be the best indicator of an individual’s long-term stress
load. This hypothesis is akin to the concept of resilience, which is
broadly described as the capacity to “bounce back” in the face of
adversity (Windle et al., 2011). Thus, a resilient individual would still be
expected to show a stress response, yet recuperate successfully once the
stressor has ended. Accordingly, we tested whether cortisol recovery
following acute psychosocial stress induction, as compared to cortisol
reactivity, is a more valid proxy of long-term stress and its physiological
sequelae.

Considering the complexity of the stress network (Engert et al.,
2018), dysregulation in one part of the system entails compensational
alterations within other parts. Catecholamines and glucocorticoids, for
example, influence immune function by regulating the production of
pro- and anti-inflammatory cytokines (McEwen, 2006). The inflamma-
tory processes prompted by prolonged psychosocial stress are chronic,
not limited to focal sites of tissue damage, and occur at low level (see
Slavich, 2020 for a review). Such systemic low-grade inflammation is
assumed to increase vulnerability to deleterious health outcomes,
including mental health conditions, cardiovascular and Alzheimer’s
disease (Rohleder, 2019; Slavich, 2020). Although empirical evidence
suggests an association between chronic stress and systemic inflamma-
tion (see Rohleder, 2019 for a review), it is unclear whether poor stress
recovery contributes to these immunological effects.

The hippocampal formation with its abundance of mineral- and
glucocorticoid receptors is another critical target for neurotoxic gluco-
corticoid effects (Lupien et al., 2018; McEwen et al., 2016; Sheline et al.,
2019). Accordingly, studies have linked sustained exposure to high
glucocorticoid levels with hippocampal pyramidal neuronal damage
(McEwen et al., 1995; McKittrick et al., 2000), dendrite atrophy, loss of
spines (McEwen, 2017), and disruption of hippocampal neurogenesis
(Lupien et al., 2018). Importantly, through glucocorticoid binding, the
hippocampus participates in the inhibitory feedback of the HPA axis
(Herman et al., 2020; Jacobson and Sapolsky, 1991). In case of hippo-
campal damage and consequent failure to inhibit HPA axis activation,
the hippocampus may be further exposed to excessive cortisol secretion,
creating a cascade of hippocampal damage (Oitzl et al., 2010; Sapolsky
et al., 1986). In acute stress settings, HPA recovery after stressor
termination may be decelerated or less effective if the hippocampal
feedback mechanism is disrupted due to prior long-term stress exposure.

In order to capture a comprehensive picture of long-term stress and
its physiological sequelae, we collected a variety of measures associated
with prolonged stress exposure. Psychological effects of general life
stress were assessed with two of the most widely used stress
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questionnaires, the Trier Inventory of Chronic Stress (TICS; Schulz and
Schlotz, 1999) and the Perceived Stress Scale (PSS; Cohen et al., 1983).
On a physiological level, altered diurnal cortisol profiles were collected
to reflect medium-term HPA axis activity. Precisely, we considered the
cortisol awakening response (CAR), suggested to capture the anticipated
demands of the upcoming day (Law et al., 2013), and the diurnal cortisol
slope (DCS), a proxy of cortisol recovery over the course of the day (Ross
et al., 2014). Glucocorticoid concentrations in hair were assessed as
reliable long-term stress biomarkers. Drawing on their incorporation in
the growing hair, hair glucocorticoids reflect the cumulative cortisol
secretion over up to three months (Stalder and Kirschbaum, 2012). As
mentioned above, downstream effects of long-term stress may be
detected within immune system and brain. First, systemic low-grade
inflammation, frequently measured via plasma concentrations of the
pro-inflammatory cytokine interleukin-6 (IL-6) and acute-phase protein
high-sensitive C-reactive protein (hsCRP), may mirror relevant
stress-related alterations within the immune system (see Rohleder, 2019
for a review). Second, repeated or prolonged glucocorticoid exposure
has been associated with deleterious effects on hippocampal structure,
including smaller hippocampal volume (for reviews see Lupien et al.,
2018; Sheline et al., 2019). Due to its critical role for HPA axis negative
feedback control, the examination of hippocampal volume in the context
acute cortisol stress recovery is particularly relevant.

We are not the first to emphasize the importance of acute stress re-
covery for long-term stress system integrity and health. Already in 1997,
Linden and colleagues made a call for the more systematic investigation
of acute stress recovery, seeing that between 1993 and 1994 only 23% of
the studies targeting stress responding reported data from the recovery
period (Linden et al., 1997). From those studies, many focused on car-
diovascular and catecholaminergic parameters, disregarding the health
consequences of HPA axis dysregulation, which are considered partic-
ularly disease-relevant (Linden et al., 1997). Since then, the relative
scarcity of recovery findings continued. Among the studies focusing on
cortisol recovery after acute stress exposure, one found that greater
self-reported chronic stress was associated with slower recovery (Mat-
thews et al., 2001). A meta-analysis found no association between HPA
axis recovery and general life stress (Chida and Hamer, 2008). Chal-
lenging the reliability of this null finding, however, only five out of the
729 included studies reported effect sizes for cortisol recovery, and only
two out of these related cortisol recovery to chronic stress.

In order to investigate acute cortisol recovery in the current study,
we used Piecewise Growth Curve Models with Landmark Registration
(Lopez-Duran et al., 2014). This procedure simultaneously models in-
dividual peak-adjusted stress reactivity and recovery with respect to a
variety of predictors, allowing for the observation of distinct reactivity
and recovery effects. To further investigate potentially confounding ef-
fects of stress reactivity on recovery, we additionally considered two
relatively unadulterated one-index measures of reactivity and recovery,
stemming from a data-driven study by Miller et al. (2018): the change
score between maximal and minimal cortisol concentration (MaxMin)
and the minimal cortisol level throughout the testing period (Cmin).

Based on the summarized literature, we hypothesized that a poorer
(i.e., less steep) cortisol recovery would be associated with greater long-
term stress load, reflected in (1) greater self-reported chronic stress, (2) a
steeper CAR and flattened DCS, as well as (3) greater hair glucocorticoid
concentration. Additionally, we expected an association between less
efficient recovery and downstream stress effects, in particular (4)
increased levels of the inflammatory markers IL-6 and hsCRP, and (5)
decreased HCV.

2. Materials and methods
2.1. Participants

The current data was collected at the baseline measurement time-
point of the ReSource Project (Singer et al., 2016), a longitudinal
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mental training intervention. Study volunteers were screened in multi-
ple steps, starting with an online application form assessing de-
mographics, time constraints, and mental and physical health. Potential
participants also completed a series of mental health questionnaires.
Afterwards they underwent an extensive diagnostic interview with a
trained clinical psychologist, which included the SCID-I DIA-X
(Wittchen and Pfister, 1997) and the SCID-II (First et al., 1997; Wittchen
et al., 1997) for the assessment of DSM-IV Axis-I and Axis-II disorders.
Volunteers were excluded if they fulfilled criteria for an Axis-I disorder,
including psychotic disorder, bipolar disorder, and substance de-
pendency, within the past two years, or an Axis-II disorder at any time in
their life. Also, a variety of chronic physical pathologies and intake of
medication affecting the central nervous system or HPA axis served as
exclusion criteria. A detailed description of the recruitment procedure
and information about the final sample of the ReSource Project can be
found in Singer et al. (2016). Registration of the ReSource Project was
implemented via the Protocol Registration System of ClinicalTrial.gov
(Identifier NCT01833104). The study was approved by the research
ethics boards of Leipzig University (ethic number: 376/12-ff) and
Humboldt University Berlin (ethic numbers: 2013-20, 2013-29,
2014-10). Participants gave written informed consent, received finan-
cial compensation, and could withdraw from the study at any time
without providing reasons.

The ReSource Project is a longitudinal intervention study aimed to-
wards the evaluation of three distinct mental training modules (for more
detail on the study see Singer et al., 2016). Training effects were
repeatedly examined in 332 healthy participants (197 women; mean age
+ SD: 40.74 + 9.24 years; age range: 20-55 years). For the current
analyses, we included a subset of 134 participants who were exposed to
a psychosocial laboratory stressor, the Trier Social Stress Test (TSST;
Kirschbaum et al., 1993), either as part of a training-free retest control
cohort (n = 88), or at the baseline measurement time-point, before
mental training had taken place (n = 46). Of those 134 participants, four
dropped out because they were repeatedly unavailable for stress testing.
Thus, 130 participants (74 women; mean age + SD: 40.1 + 9.1 years;
age range: 22-55) were available for statistical analysis. Further 24
subjects were excluded due to missing data in one or more of the pre-
dictor variables (for details see 3.1), resulting in a final sample of 106
participants. Although the data reported here were previously published
in the context of other research questions (Engert et al., 2016, 2017,
2018; Puhlmann et al., 2019, 2021a, 2021b), none of these studies
linked measures of acute stress responsivity to measures of long-term
stress and health. The current study is an a-posteriori exploratory
study not planned during the designing of the ReSource Project.

2.2. Procedure

Participants filled out self-report questionnaires (see 2.4.2 and Sup-
plementary Material A for details) via an online Internet platform. On
the day of stress testing, they attended the TSST in a 130 min session. To
circumvent possible confounds due to the cortisol circadian rhythm
(Dallman et al., 2000), testing took place between 12pm and 5pm.
Participants were asked to eat a standardized snack upon arrival (—70
min relative to stressor onset) for the adjustment of blood sugar levels.
Afterwards, they did not consume any food or beverages, except for
water, until the end of the testing session. Prior to their experience
sampling days, participants received experience sampling kits including
14 saliva collection devices for home-sampling, and a preprogrammed
mobile device utilized to standardize and streamline the home-sampling
procedure. To ensure proficiency in self-administering saliva samples
and handling the mobile device, they attended a short training session.
For brain imaging via Magnetic Resonance Imaging (MRI), as well as for
blood and hair sampling, participants returned to the institute for two
additional visits (see Fig. S1 for the time in days between TSST and the
other assessments).
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2.3. Stress induction

Psychosocial stress was induced with the Trier Social Stress Test
(TSST; Kirschbaum et al., 1993), a standardized laboratory paradigm
that reliably provokes psychological and physical stress responses by
exposing the subject to a socially evaluative challenge. The test starts
with an anticipation phase of variable duration (15 min in the current
study), followed by the stress phase in which the participant gives a
5-min free speech, and performs a 5-min mental arithmetic task in front
of an evaluation committee. The committee communicates with the
participant in a neutral manner without giving verbal or non-verbal
feedback. The combination of free speech and a mental arithmetic
conducted in front of alleged behavioral analysts creates novelty,
unpredictability, and social-evaluative threat. In comparison to other
laboratory stress paradigms, the TSST is associated with the longest HPA
axis recovery period, and therefore ideally suited for research on cortisol
stress recovery (see Dickerson and Kemeny, 2004 for a review).

2.4. Measures

See Supplementary Material A for additional details on the collection
and analysis of the described measures.

2.4.1. Acute salivary cortisol stress response

Salivary cortisol served as biomarker for acute stress and was
assessed at —55, +10, +20, +30, +40 and + 55 min relative to stressor
onset (at 0 min). For saliva sampling, Salivette collection devices (Sar-
stedt, Niimbrecht, Germany) were used. Participants placed a collection
swab in their mouth and refrained from chewing for 2 min. Samples
were stored at —30 °C until assay (at the Department of Biological and
Clinical Psychology, University of Trier, Germany). A time-resolved
fluorescence immunoassay (Dressendorfer et al., 1992) determined
cortisol levels (in nmol/1) with 10% intra-assay and 12% inter-assay
variability.

2.4.2. Indicators of long-term stress load

To evaluate subjective experience of chronic stress, participants
completed the ten-item Perceived Stress Scale (PSS; Cohen et al., 1983)
and the 39-item Trier Inventory of Chronic Stress (TICS; Schulz and
Schlotz, 1999).

Diurnal cortisol secretion was assessed via self-collected saliva
(altogether 14 samples) on two consecutive workdays (Mondays/Tues-
days, Wednesdays/Thursdays, or Thursdays/Fridays, depending on
participant availability). Per day, saliva was collected immediately upon
awakening (0 min), 30 min and 60 min thereafter, and at +240, +360,
-+480, +600 min throughout the day. Sampling time of the non-morning
process was jittered (15 min) to avoid complete predictability. Diurnal
cortisol data was used to calculate distinct measures of cortisol secretion
dynamics, the cortisol awakening response (CAR), quantified as a
change score from the awakening to the 30-min post awakening sample,
and, the diurnal cortisol slope (DCS), calculated as a change score from
the awakening to the last sample (+600 min). While the CAR is assumed
to capture dynamic aspects of the diurnal cortisol secretion pattern
associated with anticipated stress experiences (e.g. Fries et al., 2009),
the DCS serves as a marker of more persistent alterations within the
diurnal cortisol pattern (Adam et al., 2006). Increased CAR and flattened
DCS are linked to chronic stress experience (Adam and Kumari, 2009;
Chida and Steptoe, 2009).

Concentrations of cortisol and cortisone in hair (HC, HE) were
assessed as markers of systemic glucocorticoid exposure and long-term
stress load (Stalder et al., 2017). Three cm segments of hair were
analyzed. Given the average hair growth rate of 1 cm per month, the
resulting HC and HE levels reflect the cumulative hormone secretion
over the past three months (Stalder and Kirschbaum, 2012). The hair
sampling procedure resulted in selective dropout and considerable
sample size reduction. Therefore, HC and HE levels were not included in
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our main analysis, but separate analysis as described in 2.5.4 were
conducted.

Serum levels of the pro-inflammatory cytokine interleukin-6 (IL-6;
measured in pg/ml) and high-sensitive C-reactive protein (hsCRP;
measured in mg/L) were used as indicators of low-grade systemic
inflammation.

To acquire brain images for the analysis of hippocampal volume, a
3T Siemens Verio scanner (Siemens Medical Systems, Erlangen) with a
32-channel head coil was used. For T1-weighted magnetic resonance
imaging (MRI), a 3-dimensional magnetization-prepared rapid gradient-
echo sequence was used (176 sagittal slices; repetition time (TR) 2300
ms; echo time (TE) 2.98 ms; inversion time (TI) 900 ms; flip angle = 7°;
matrix size 240 x 256; field of view (FOV) 240 x 256 rnrnz; voxel size 1
x 1 x 1 mm?®). Imaging hardware and console software (Syngo B17;
Siemens Healthineers) remained the same throughout data collection.
T1-weighted MRI data was linearly registered to MNI152. In order to
segment the hippocampal subfields CA1-3, CA4/DG, and subiculum
(SUB), an automated patch-based algorithm was performed for every
subject (for details see Caldairou et al., 2016). The algorithm employs a
population-based patch normalization relative to a template library,
providing good space and time complexity. Two independent raters
assessed the quality of hippocampus segmentation and data. Cases of
insufficient segmentation quality, based on a predefined standard, were
excluded from analysis (for details see Puhlmann et al., 2021b). In the
current data analysis, we included only total bilateral hippocampal
volume (HCV).

2.5. Statistical analyses

2.5.1. Missing data and data replacement

Missing values in level 2 predictor data (i.e., questionnaire, diurnal
cortisol, HC, HE, immune, and HCV) were not imputed or otherwise
replaced. Only subjects with the entire set of level 2 predictor values
were included in the main analysis. Four participants were missing a
subset of TSST saliva samples (two samples at +10 min, two samples at
-+20 min). In these cases, all available cortisol data were included into
the model.

2.5.2. Data processing

Data cleaning and pre-processing was implemented via IBM SPSS
Statistics version 24 (IBM Corp, 2016) and R version 4.0.1 (R Core Team,
2020). All data were checked for normal distribution. Saliva cortisol,
HC, HE, IL-6 and hsCRP data were In-transformed to normalize skew-
ness. Subsequently, data were checked for outliers, defined as values
deviating more than 3 SDs from the respective sample mean, and
detected outliers were winsorized to +3 SDs from the mean. All
dependent variables were z-transformed to simplify interpretation of
estimates. Statistical significance was assessed at an alpha level of 0.05,
and all tests were two-sided.

2.5.3. Main analysis: piecewise growth curve modeling with landmark
registration

In order to differentiate acute cortisol stress reactivity and recovery
phases, we modeled cortisol reactivity and recovery slopes relative to
the individual cortisol peak via Piecewise Growth Curve Modeling with
Landmark Registration (pGCM-LR; Lopez-Duran et al., 2014). Piecewise
GCM-LR was performed in R version 4.0.1 (R Core Team, 2020) using
the Imer function of the Ime4 package (Bates et al., 2015). Models were
summarized and compared using the summary and anova functions of
the ImerTest package (Kuznetsova et al., 2017). Effect sizes o> were
determined using the F to_omega2 function of the effectsize package
(Ben-Shachar et al., 2020). According to the rule of thumb proposed by
Field et al. (2012) ®2 values of 0.01, 0.06, and 0.14 were considered
small, medium, and large effects.

Brain, Behavior, & Immunity - Health 28 (2023) 100598

2.5.3.1. Landmark Registration. Individual peak time (peak_time) was
defined as the sample time (in min) of the highest cortisol level within
the post-TSST period. If single values were missing, the highest cortisol
value within the remaining data was used. In case of a post-peak plateau
or another sample with the same peak concentration, the earliest post-
TSST peak time was defined as peak_time. After longitudinal data
transformation, adjusted time variables were created. First, the time to
peak variable (time_to_peak) was calculated (see Supplementary Mate-
rial B, Equation S1), then, two coded time variables representing the
individual time before peak (time_before peak) and time after peak
(time_after_peak) were created for every subject (Lopez-Duran et al.,
2014; see Supplementary Material B, Equation S2).

2.5.3.2. Model building procedure. We followed a forward stepwise
model building procedure, starting with an unconditional basic model.
To test the assumed two-piece structure of the cortisol secretion pattern,
the initial model was specified as an unconditional fixed effects model
with random intercept and fixed slopes (for details see Supplementary
Material B). In a second step, we added random reactivity and recovery
slopes to the model, before in a third step, sex and age were included as
covariates (Allen et al., 2017; Kajantie and Phillips, 2006).

In order to examine the interactions of long-term stress and health
measures with individual cortisol trajectories, we clustered the level 2
predictors into three groups of stress correlates with shared variance,
that is, diurnal cortisol measures, self-report questionnaires, and mea-
sures of downstream sequelae including immune markers and hippo-
campal volume, before adding them to the model. In the next and fourth
step of model building, CAR and DCS were included in the model, due to
their conceptual proximity to the acute cortisol stress response. TICS
(Schulz and Schlotz, 1999) and PSS (Cohen et al., 1983) were added
next. Levels of the proinflammatory markers IL-6 and hsCRP, and HCV
completed the model building procedure in a last step. A detailed
description, R codes, and fit statistics of the model building procedure
can be found in the Supplementary Material B. As stated above, when
adding HC and HE to the model, we were confronted with considerable
sample size reduction (Nyc = 64, Nyg = 73). Therefore, HC and HE were
excluded from our main model. However, due to their relevance as
measures of long-term stress load, we built an additional model with
only HC and HE as level 2 predictors (see 2.5.4).

The main model was specified as presented in Equation S7, Supple-
mentary Material B. The model reflects a two-level linear mixed effects
model with random intercept and random reactivity and recovery
slopes. Level 1 represents the within-subject estimation of cortisol levels
by time_before_peak, time_after_peak, sex, age and sampling time. On
between-subject level 2, cortisol peak levels, reactivity slope, and re-
covery slope were predicted by seven measures of long-term stress and
health.

If level 2 variables of interest interacted with both reactivity and
recovery slope in our main analyses, we conducted exploratory analyses
with one-index measures of stress reactivity and recovery to examine
whether an effect on stress recovery was primarily driven by a parallel
effect on stress reactivity — or not. Details on the statistical analysis and
results are presented in Supplementary Material C.

2.5.4. Hair glucocorticoids analysis

Due to the optional nature of the hair glucocorticoid assessment, the
number of dropouts was considerable. In order to prevent massive
sample size reduction in our main model, interactions of hair gluco-
corticoids with cortisol reactivity and recovery were explored in a
separate model with only HC and HE as level 2 predictors (Nyc = 64,
Nyg = 73). The model was specified as presented in the Supplementary
Material B, Equation S8.
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3. Results
3.1. Descriptive statistics and preliminary analyses

Out of initially available 130 participants, 24 were excluded due to
missing data in one or more level 2 predictor (CAR n = 1; DCSn = 2;
TICS/PSS n = 1; IL-6/hsCRP n = 7; HCV n = 15). Reasons for missing-
ness included dropouts, missed appointments, and assay failure [more
detail on missingness in level 2 predictors is provided in Engert et al.,
2018 (TICS, PSS, CAR, DCS, HC, HE); Puhlmann et al., 2021b (TICS, PSS,
HC, HE), 2021a (HCV), 2019 (TICS, PSS, IL-6, hsCRP)]. The final sample
comprised of 106 participants (57 women,; see Table 1 for descriptive
statistics), 78.3% of whom responded to the TSST with a
baseline-to-peak cortisol release of >1.5 nmol/]l, demonstrating suc-
cessful stress induction (Miller et al., 2013). Importantly, all available
participants (responders and non-responders) were included into the
statistical analysis.

3.2. Main analysis: piecewise growth curve modeling with landmark
registration

The basic random intercept model with fixed reactivity and recovery
slopes indicated significantly increasing cortisol levels towards the peak
(reactivity slope: f = 0.41, t(526.23) = 22.42, p < .001), and signifi-
cantly declining cortisol levels after the peak (recovery slope: f = —0.42,
t(578.22) = —16.33, p < .001), confirming the expected two-piece
structure of cortisol secretion before and after the TSST. This pattern
of significance remained, and the model fit significantly improved, after
adding random reactivity and recovery slopes to the model (for details
see Supplementary Material B, Tables S1 and S2).

Level 2 predictors were added to the basic model in three steps,
resulting in Model 1 (with CAR, DCS), Model 2 (with CAR, DCS; TICS,
PSS), and the main Model 3 (with CAR, DCS; TICS, PSS; hsCRP, IL-6,
HCV). The respective results are presented in Table 2. The main model
revealed that female subjects had significantly lower cortisol peak levels
than male subjects (8 = —0.37, t(94.29) = —2.38, p = .019, w? = 0.05),
which can be considered a small effect. Age did not contribute to cortisol
peak levels. There was a significant interaction of HCV with reactivity
slopes (f = —0.08, t(91.48) = —2.70, p = .008, 0 = 0.06), and a mar-
ginal interaction of HCV with recovery slopes (5 = 0.06, t(87.63) = 1.78,
p = .078, ®% = 0.02), such that steeper cortisol reactivity and recovery
slopes were linked to a smaller HCV (Fig. 1). Exploring this pattern
further by employing alternative proxies for reactivity and recovery
confirmed a robust association with reactivity, and no association with
recovery (see Supplementary Material B). Also, the CAR showed a
marginal interaction specifically with the recovery slope (8 = 0.07, t
(115.9) =1.83,p = .070, w? = 0.02), whereas no significant interaction
with the reactivity slope was identified. This interaction was significant
throughout the model building procedure, until HCV was added to the
model (Table 2). In detail, a higher CAR was linked to a decreased (i.e.,

Table 1
Descriptive statistics of the final sample (N = 106).
Mean SD Min Max

Age (years) 40.42 8.96 22 55
CAR (log nmol/1) 0.34 0.49 -0.90 1.54
DCS (log nmol/1) —-0.14 0.06 —0.29 —0.01
TICS 14.85 7.40 0 35
PSS 13.97 5.78 1 28
hsCRP (mg/L) 1.09 1.20 0.14 10.04
IL-6 (pg/ml) 1.53 0.43 1.24 5.65
HCV (mm?®) 12435.57 1031.81 10648 17283

CAR = Cortisol awakening response. DCS = Diurnal cortisol slope. TICS = Trier
Inventory of Chronic Stress (Schulz and Schlotz, 1999). PSS = Perceived Stress
Scale (Cohen et al., 1983). hsCRP = High-sensitive C-reactive protein. IL-6 =
Interleukin-6. HCV = Hippocampal volume.
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more shallow) stress recovery (Fig. 2), which means that participants
with habitually higher CARs took longer to recover from stress. The
recovery effect linked to the CAR can be considered small; the associa-
tion of reactivity and HCV corresponds to a medium effect. Besides HCV
and CAR, no other Level-2 predictors were significantly associated with
either reactivity or recovery slopes (Table 2).

3.3. Hair glucocorticoids analysis

The analysis of hair glucocorticoid levels yielded no main or inter-
action effects of HC or HE with recovery or reactivity slopes, as pre-
sented in Table 3.

4. Discussion

The aim of our work was to investigate how cortisol recovery after an
acute psychosocial stressor — in contrast to cortisol reactivity — is linked
to the basal stress load of healthy adults. We hypothesized that difficulty
to recover from acute stress exposure, as measured in the context of a
psychosocial laboratory stress task, the TSST (Kirschbaum et al., 1993),
would be associated with less favorable outcomes in a range of
longer-term stress and health markers. As such, self-reports of chronic
stress (TICS, PSS), diurnal cortisol activity (CAR, DCS), proinflammatory
immune activity (IL-6, hsCRP), hippocampal volume (HCV), and, in a
separate analysis, hair cortisol and cortisone levels (HC, HE) were
assessed. We used Piecewise Growth Curve Models with Landmark
Registration (Lopez-Duran et al., 2014) to simultaneously model cortisol
reactivity and recovery relative to the individual cortisol peak.

Of the various markers examined, only the CAR was specifically and
consistently associated with the progression of cortisol stress recovery.
In detail, slower cortisol recovery from acute stress was linked to a
relatively increased CAR. Furthermore, when adding HCV as a marker of
neuronal integrity to our final model, smaller HCV was associated with
higher cortisol stress reactivity.

A possible explanation for the specificity of the association between
cortisol stress recovery and the CAR may be that, compared to the other
markers, the CAR has the highest functional overlap with the acute
cortisol stress response. Both measures reflect dynamic aspects of HPA
axis activity, albeit in relation to very different stimuli. In the acute
stress response, an individual is confronted with a real challenge (in our
study, the demands of psychosocial evaluation in the TSST). The CAR,
on the other hand, is considered a response to the anticipated demands
of the upcoming day (Fries et al., 2009; Law et al., 2013). Accordingly,
higher CAR has been reported on working days relative to weekends
(Kunz-Ebrecht et al., 2004; Schlotz et al., 2004; Thorn et al., 2006), and
on days of upcoming competitions relative to non-competition days
(Rohleder et al., 2007). Among the few studies directly testing a link of
acute cortisol response dynamics with the CAR, one found no relation-
ship in a large sample of older adults (Kidd et al., 2014), while another
suggested a negative relation between acute and morning cortisol peaks
(Quirin et al., 2008). A pattern of blunted CAR and impaired acute re-
covery has been shown in depressed patients (Dienes et al., 2019) and in
samples including depressed patients (Burke et al., 2005). Our study
provides first evidence for an inverse pattern in rigorously
health-screened adults, indicating an association between increased
CAR and slowed acute recovery.

The observed association of CAR and acute stress recovery may be
due to both measures being strongly dependent on cognitive processes.
In their perseverative cognition hypothesis, Brosschot and colleagues
(2010; 2006) propose that cognitive representations of stressors can
extend stress-related affective and physiological activation, both in
advance and in the aftermath of stressful experience. Such thinking
patterns likely also play a substantial role in how demanding we antic-
ipate the upcoming day to be, and would consequently influence the
daily rise in CAR. Along those lines, rumination of events that occurred
throughout the day and worries about events to come, were shown to



Table 2

Model summaries of linear mixed models with sex/age as covariates and level 2 predictors CAR/DCS (Model 1), TICS/PSS (Model 2), and hsCRP/IL-6/HCV (Model 3).

Predictors Model 1 Model 2 Model 3 (Main Model)

p std. CI t P df p std. CI t p df p std. CI t P df
(Intercept) 0.16 —0.05-0.38 9.46 <0.001 103.43 0.15 —0.07 - 0.36 9.42 <0.001 101.25 0.14 —0.08 - 0.36 8.88 <0.001 97.23
sex [women] —0.41 —0.71--0.12 —-2.77 0.007 99.84 -0.39 —0.68-—0.09 —2.56 0.012 97.78 -0.37 —0.68-—0.07 —2.38 0.019 94.29
Age —0.02 —0.16 - 0.13 -0.21 0.834 99.46 —0.02 —-0.16 - 0.13 —-0.24 0.814 97.36 -0.01 —0.16 - 0.14 -0.17 0.868 94.32
time_before_peak 0.43 0.37-0.49 14.04 <0.001 92.88 0.43 0.37-0.49 13.90 <0.001 91.90 0.43 0.37-0.49 14.38 <0.001 90.15
time_after_peak —0.54 —0.60-—0.48 —-17.34 <0.001 109.07 —0.54 —0.61-—-0.48 -17.39 <0.001 100.77 —0.55 —0.61-—0.48 —17.53 <0.001 94.81
CAR 0.07 —0.09 - 0.23 0.85 0.903 100.48 0.06 —0.10-0.23 0.76 0.931 98.54 0.08 —0.09 - 0.25 0.95 0.725 95.47
DCS —0.00 —0.16 - 0.16 —0.05 0.989 100.14 0.00 —0.16 - 0.16 0.03 0.963 98.27 —0.01 —0.17 - 0.15 -0.12 0.841 95.43
time_before_peak *CAR —0.02 —0.08 - 0.05 —0.48 0.636 89.66 —0.01 —0.08 - 0.05 —0.40 0.690 88.43 —0.01 —0.07 - 0.06 -0.17 0.866 86.42
time_after_peak *CAR 0.08 0.01-0.14 2.16 0.032 130.38 0.07 0.00-0.14 2.05 0.042 122.40 0.07 —0.00 -0.14 1.83 0.070 115.90
time_before_peak *DCS —0.01 —0.07 - 0.06 —0.25 0.805 90.79 —0.01 —0.08 - 0.05 —0.32 0.749 89.70 —0.02 —0.09 - 0.04 -0.70 0.484 87.97
time_after_peak *DCS —0.01 —0.08 - 0.05 —0.43 0.669 122.20 —0.01 —0.08 - 0.06 —0.33 0.743 112.52 —0.00 —0.07 - 0.07 -0.10 0.921 104.75
TICS —0.02 —0.23-0.20 —0.16 0.636 98.22 —-0.07 —0.29-0.15 -0.59 0.335 95.68
PSS -0.10 —0.32-0.11 —0.94 0.463 97.72 —0.08 —0.30 - 0.14 —-0.72 0.570 95.03
time_before_peak *TICS —0.04 —0.13-0.05 —0.88 0.381 93.57 —0.05 —0.14 - 0.04 -1.09 0.278 91.79
time_after_peak *TICS 0.03 —0.06 - 0.12 0.76 0.451 94.52 0.05 —0.04-0.14 1.09 0.279 86.82
time_before_peak *PSS 0.01 —0.08 - 0.10 0.17 0.868 90.50 0.00 —0.08 - 0.09 0.10 0.919 89.51
time_after_peak *PSS —0.01 —0.10 - 0.09 -0.13 0.893 109.25 —0.01 —0.10 - 0.08 -0.17 0.866 99.78
hsCRP 0.04 —0.12-0.20 0.48 0.681 95.21
IL-6 -0.14 —0.29 - 0.02 -1.70 0.084 100.90
HCV —0.09 —0.24 - 0.07 -1.10 0.067 95.34
time_before_peak *hsCRP —0.01 —0.07 - 0.05 —0.18 0.854 87.48
time_after_peak *hsCRP —0.00 —0.07 - 0.06 —0.10 0.920 110.97
time_before_peak *IL-6 -0.01 —0.08 - 0.07 -0.13 0.896 103.58
time_after_peak *IL-6 0.03 —0.02 - 0.09 1.11 0.271 48.37
time_before_peak *HCV —0.08 —0.15--0.02 —-2.70 0.008 91.48
time_after_peak *HCV 0.06 —0.01 -0.12 1.78 0.078 87.63
Random Effects
o? 0.04 0.04 0.04
Too 0.37 iq 0.37 iq 0.35 iq
T11 0.01 id time_before_peak_ind 0.01 id.time_before_peak_ind 0.00 id.time_before_peak_ind

0.00 id.time_after peak_ind 0.00 id.time _after peak_ind 0.00 id.time_after peak_ind
Po1 0.55 0.55 0.51

—0.47 —0.47 —0.43
ICC 0.89 0.89 0.89
N 106 iq 106 jq 106 iq
Observations 632 632 632
Marginal R?/Conditional R? 0.330/0.927 0.340/0.928 0.362/0.930

D 32 SuLPSaq "W

CAR = Cortisol awakening response. DCS = Diurnal cortisol slope. TICS = Trier Inventory of Chronic Stress (Schulz and Schlotz, 1999). PSS = Perceived Stress Scale (Cohen et al., 1983). hsCRP = high-sensitive C-reactive
protein. IL-6 = Interleukin-6. HCV = Hippocampal volume.
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Fig. 1. Associations of cortisol stress reactivity with hippocampal volume.
A Piecewise Growth Curve Model with Landmark-Registration (pGCM-LR)
shows associations of individual peak-adjusted cortisol stress reactivity with
HCV. Predicted values of cortisol before the individual peak (reactivity slope)
dependening on HCV (p = .008) are depicted. Estimated slopes are presented
for 10th (red line), 50th (green line) and 90th percentiles (blue line) of stan-
dardized HCV. Shaded areas represent the standard error (SE). HCV = Hippo-
campal volume. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Recovery x CAR

2.0~
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8
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Fig. 2. Associations of cortisol stress recovery with the cortisol awak-
ening response. A Piecewise Growth Curve Model with Landmark-Registration
(pGCM-LR) shows marginal associations of individual peak-adjusted cortisol
stress recovery with CAR. Predicted values of cortisol after the individual peak
(recovery slope) depending on CAR (p = .070) are depicted. Estimated slopes
are presented for 10th (red line), 50th (green line) and 90th percentiles (blue
line) of standardized CAR. Shaded areas represent the standard error (SE). CAR
= Cortisol awakening response. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

predict the next-day CAR (Zoccola et al., 2010). Further, increased
rumination after an acute stressor was found to predict both higher and
prolonged cortisol responses (Zoccola et al., 2008) as well as diminished
stressor habituation (Gianferante et al., 2014).

Other than expected, cortisol reactivity rather than recovery was
linked to HCV. The inverse relationship, meaning increased cortisol
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Table 3

Model summary of the additional model (Model 4) with hair cortisol concen-
tration (HC) and hair cortisone concentration (HE) as predictors of cortisol
trajectories.

Predictors Model 4

B std. CI t P df
(Intercept) 0.28 —0.01 - 0.57 8.51 <0.001 57.79
sex [women] —0.50 —0.86——0.13 —2.67 0.010 55.74
Age 0.01 —-0.15-0.18 0.16 0.870 55.62
time_before_peak 0.50 0.41-0.58 11.54 <0.001 53.47
time_after_peak -0.59 —-0.67--0.50 —-13.58 <0.001 53.44
HC 0.03 —0.20-0.25 0.22 0.737 59.13
HE 0.02 —0.21 - 0.26 0.20 0.825 59.65
time_before_peak *HC 0.04 -0.07 - 0.15 0.71 0.482 52.39
time_after_peak *HC 0.00 -0.11-0.11 0.00 0.998 59.96
time_before_peak *HE 0.00 -0.11 -0.11 0.03 0.977 52.94
time_after_peak *HE -0.01 -0.12-0.10 -0.13 0.893 57.42
Random Effects
62 0.04
To0 id 0.27
T11 id.time_before_peak 0.01
T11 id.time_after_peak 0.01
o1 0.58

-0.26
1CC 0.87
Niq 64
Observations 382
Marginal R%/ 0.407/0.924

Conditional R?

HC = Hair cortisol. HE = Hair cortisone.

reactivity going along with smaller HCV, supports the often-made
assumption that increased cortisol reactivity in the acute setting does
indeed translate to health-relevant downstream effects. Most evidence
suggesting a negative relation of HCV and HPA-axis activity stems from
studies investigating basal glucocorticoid levels, samples at greater risk
for neuronal challenge (e.g., due to increasing age, chronic stress, or
psychopathology; see Frodl and O’Keane, 2013; Sheline et al., 2019 for
reviews), or small sample sizes (Pruessner et al., 2007; Tessner et al.,
2007). Therefore, our findings provide first robust evidence for this link
in healthy adults. It should be noted that, while our study sample had a
fairly broad age range (20-55 years, mean age = 40.7 years), substantial
age-related HCV decline is unlikely with a maximal age of 55 years (Fjell
etal., 2013; Nobis et al., 2019). The moderating role of age on both HCV
and the cortisol stress response (Kudielka et al., 2009; Nobis et al., 2019;
Otte et al., 2005) may best explain the inconsistent reports on their
relationship, and remains a promising target for future research.

We did not find associations of either cortisol recovery or reactivity
with the remaining indices of long-term stress and associated down-
stream effects, particularly TICS and PSS, DCS, HC and HE, as well as IL-
6 and hsCRP. Different factors may account for these null results. First,
regarding self-report measures, a dissociation between the psychological
and endocrine aspects of stress is a well-described phenomenon in the
literature (Campbell and Ehlert, 2012; Dalile et al., 2022; Engert et al.,
2018; Schlotz et al., 2008). While different factors may contribute to this
“lack of psychoendocrine covariance”, biases in retrospective self-report
methods, such as social desirability or recall bias, likely play a promi-
nent role (Althubaiti, 2016).

Second, an association between acute reactivity or recovery and DCS
would have been conceivable. In prior research, less steep acute cortisol
reactivity and recovery, as well as a flattened DCS have been related to
long-term stress (Adam and Kumari, 2009; McEwen, 2006). From a
methodological perspective, both measures are assessed in saliva,
strongly rely on awakening cortisol levels (see Stalder et al., 2016 for a
review), and tend to show methodological clustering (Engert et al.,
2018). However, in simultaneously testing a link of both CAR and DCS
with acute reactivity and recovery, our results suggest that, above and
beyond the CAR, the DCS does not account for a significant share of
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incremental variance in recovery.

Third, the lack of an association of reactivity or recovery with sys-
temic long-term stress markers (HC and HE) may be attributable to the
comparably lower N, and accordingly reduced analysis power. In
contrast, a recent study reported a link of lower cortisol reactivity with
higher HC, although the authors acknowledge the limited generaliz-
ability of their findings due to low sample size (Sandner et al., 2020).
While future studies are needed to clarify this link, in the current sample,
neither increased cortisol reactivity to, nor prolonged recovery from,
acute psychosocial stress seem to accumulate to a measurable effect in
systemic glucocorticoid levels in healthy adults.

Fourth, acute cortisol reactivity or recovery did not covary with in-
dicators of low-grade systemic inflammation, particularly IL-6 and
hsCRP. Both inflammatory markers capture the downstream effects of
long-term stress and are indicative of long-term health (Elenkov et al.,
2005; Straub and Schradin, 2016), even though these associations might
not be as straightforward as previously assumed (Del Giudice and
Gangestad, 2018). Since our participants underwent a strict inclusion
procedure ruling out the presence or history of physical and mental
health issues, the resulting sample was extremely healthy. Conse-
quently, there may have been insufficient variance in proinflammatory
activity to detect an association (see also Puhlmann et al., 2019).

There are several limitations to the current study. First, the present
data do not fully conform to the consensus guidelines on the assessment
of the CAR (Stalder et al., 2022), which were published after the
conception of our study. Most importantly, we did not employ objective
measures for the verification of participants’ sampling times. Hence,
respective CAR data must be treated with some caution since the pos-
sibility of non-adherence-related confounding cannot be excluded
(Kudielka et al., 2003). Likewise, confounding effects in our DCS data
cannot be ruled out. We nevertheless addressed the issue of
non-adherence through an experience sampling approach based on
mobile phones handed out to our participants. As shown by the rela-
tively low proportion of missingness, these devices may have boosted
adherence by reminding participants of a forthcoming sampling
time-point. Second, due to our rigorously health-screened sample of
middle-aged adults, meaningful associations may have been missed due
to relatively little variance in long-term stress and downstream health
effects. Third, we did not track whether participants suffered from minor
diseases or infections, which may have influenced the assayed inflam-
matory biomarkers. Lastly, several participants did not reach their
pre-TSST cortisol baseline levels within the window of data assessment.
This may have led to biased estimation of recovery slopes.

Building on these limitations, we encourage future research into the
topic of stress recovery to widen the window of cortisol assessment
beyond the 60-70 min typically seen in TSST studies, and to increase the
amount of post-stress cortisol samples to enable a more detailed analysis
of cortisol recovery. Also, it would be interesting to investigate the
common role of perseverative cognition for cortisol recovery and long-
term stress, and to explore associations of acute stress reactivity and
recovery with measures of long-term stress, health and resilience in
samples with a broader age range and more variance in health-related
variables.

Overall, we found that cortisol stress recovery and reactivity differ-
entially relate to distinct indicators of long-term stress and downstream
health sequelae, possibly reflecting different aspects of an individual’s
stress burden. There was no evidence to suggest that recovery is the
better indicator of the two. The only one measure associated with
cortisol recovery after an acute psychosocial stressor was the cortisol
response to awakening. We suggest that this association is driven by the
role of perseverative thought patterns in both, recovering from acute
stress exposure, and awakening with the challenges of the upcoming day
on one’s mind. HCV as a more permanent downstream consequence of
stress was linked to cortisol stress reactivity. These recovery- and
reactivity-specific findings point to the complex nature of stress and
should encourage future research into stress recovery, including the
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design of novel recovery protocols and the development of improved
statistical methods for recovery data analysis.
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