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Background: Hair cortisol concentration (HCC) has emerged as a biomarker for long-term cortisol secretion, yet
evidence linking HCC to self-reported life stress remains inconsistent. Although individual differences in acute
stress reactivity as well as habituation may moderate this association, no research has examined how these
processes interact to modulate the HCC-stress link. Moreover, most studies have relied on assessments of recent
stressor exposure only, with limited attention to lifetime stressor exposure.

Method: A final sample of 72 healthy individuals (53 women) who provided hair samples and underwent the
Trier Social Stress Test three times over consecutive weeks, during which changes in salivary cortisol, cardio-
vascular parameters, and self-reported stress were assessed. The Stress and Adversity Inventory was administered
to assess lifetime stressor exposure.

Results: As hypothesized, preregistered analyses showed that greater lifetime stressor exposure and acute cortisol
reactivity were both associated with elevated HCC. No association was found between HCC and stress habitu-
ation, and no moderation effects on the relation between HCC and lifetime stressor exposure were observed for
reactivity or habituation. Exploratory analyses revealed a consistent link between early-life stressor exposure and
HCC, whereas a positive association with adulthood stressors was evident only for individuals with less cortisol
reactivity.

Conclusions: The results suggest that HCC reflects not only lifetime stressor exposure but is also influenced by
individual differences in cortisol reactivity, highlighting its role as an integrative, yet complex biomarker of
chronic stress. In contrast, the lack of an association with habituation indicates limited sensitivity to dynamic
adaptation processes occurring over weeks.

1. Introduction

Obtaining a stable measure of long-term cortisol secretion has long
posed a methodological challenge in stress research, as repeated sam-
pling of urine, blood, or saliva is often impractical or invasive
(Hellhammer et al., 2009). Hair cortisol concentration (HCC) has
emerged as a promising biomarker of long-term stress, offering a
non-invasive and time-efficient alternative to traditional methods
(Stalder and Kirschbaum, 2012). Assuming that cortisol is continuously
deposited in growing hair, assessment of HCC is thought to enable a
retrospective analysis of cumulative systemic cortisol exposure over
months. However, the extent to which HCC accurately reflects chronic
stress remains a matter of debate. While several studies report elevated

HCC under sustained stressor exposure, findings are heterogeneous, and
meta-analytic work has emphasized that HCC primarily indexes
long-term cortisol accumulation rather than subjective or chronic stress
per se (Stalder et al., 2017; Steudte-Schmiedgen et al., 2016). Evidence
linking HCC to self-reported questionnaire-based stress assessments has
been mixed (Stalder et al., 2017), with several studies demonstrating
elevated HCC in high-stress populations (e.g., caregivers, individuals
experiencing long-term unemployment; Dettenborn et al., 2010; Stalder
etal., 2014; Staufenbiel et al., 2013), particularly if stress is still ongoing
in these groups (Stalder et al., 2017). To assess stressor exposure, most
studies have used established, yet short, highly condensed question-
naires, which may lead to issues with reduced construct validity,
memory bias, etc., calling for an approach that investigates links to HCC
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based on more robust, behaviorally anchored assessments of stressors
occurring over the entire life course (Planert et al., 2023; Shields and
Slavich, 2017).

To support a causal relationship between HCC and self-reported
stress, reliable associations would have to be established, ideally
reflecting a dose-response pattern. In prior research, lifetime stressor
exposure has been related to biological markers of stress, including
altered diurnal cortisol (Lam et al., 2019) and immunological parame-
ters (Olvera Alvarez et al., 2019). While there are studies that have
investigated the link between HCC and, for example, early-life stressors
(Karlén et al,, 2011) or exposure to specific types of adversity
(Staufenbiel et al., 2013), comprehensive research on HCC and life stress
remains scarce (Stalder et al., 2017). In the past, several instruments
have been devised that aim to comprehensively assess stressor exposure
across the life course, such as the Life Events and Difficulties Schedule
(Monroe et al., 2007) or the Traumatic Life Events Questionnaire
(Kubany et al., 2000). A more recent approach that simultaneously
captures both the count and severity of acute as well as chronic stressors
is the Stress and Adversity Inventory (STRAIN; Slavich and Shields,
2018).

In addition to enhancing the content validity of long-term stress
assessment, other mechanisms that contribute to variation in cortisol
deposition in human hair, and thereby heterogeneity in prior findings
(Stalder et al., 2017; Steudte-Schmiedgen et al., 2015), should be taken
into account. One such factor (closely linked to cortisol secretion) is
acute reactivity to psychosocial stressors (Dickerson and Kemeny,
2004), combining elements of social evaluation, performance pressure,
and unpredictability (Kirschbaum et al., 1993). Experimental research
has revealed substantial individual differences in stress reactivity, which
some authors have described as a relatively stable, trait-like response
tendency, although this view remains debated, given that stress reac-
tivity also varies across time and context (Boyce and Ellis, 2005;
Kudielka et al., 2009) Also, stress reactivity has been associated with the
etiology of mental disorders (Heim et al., 2000; McEwen, 2007; Turner
et al., 2020), although it remains debated whether altered reactivity
constitutes a causal risk factor for or rather a concomitant of psycho-
pathology or trauma (Miller et al., 2007). Despite prior research having
provided valuable insights, findings regarding HCC remain inconclusive:
Some studies have reported (trend-level) associations between acute
cortisol reactivity and HCC (Steudte-Schmiedgen et al., 2015), others
have not (Steudte-Schmiedgen et al., 2017). That is, presumably,
because the complexity of stress regulation is not fully captured by
single-session stress assessments.

Apart from variation in initial stress reactivity, differences in the
capacity to adapt to stressors across repeated exposures may also play a
critical role in the long-term accumulation of cortisol. Progressive re-
ductions in neuroendocrine reactivity when confronted repeatedly with
similar stressors, usually termed ‘habituation’, are well-documented ( e.
g., Schommer et al., 2003; Wiist et al., 2005). Consistent with the notion
of allostatic load—that is, the physiological wear and tear from chronic
overactivation of stress response systems due to prolonged exposure
and/or inefficient adaptation to repeated bouts of stress (McEwen,
1998a), quick habituation of the stress response is often considered
adaptive, whereas weak habituation or even sensitization may indicate
difficulties in down-regulation and thus potentially lead to chronic,
elevated cortisol secretion (Wiist et al., 2005). Compared to stress
reactivity, considerably less research has investigated its habituation, as
this poses significant methodological challenges (Quaedflieg et al.,
2018; Schommer et al., 2003). For instance, to comprehensively char-
acterize the habituation of stress reactivity, three consecutive stress
exposures at fixed intervals are required (Wiist et al., 2005). Taken
together, as it is conceivable that HCC does not merely reflect accu-
mulated stress, but possibly also integrates cortisol secretion in response
to repeated acute stress, how effectively an individual adapts to repeated
exposure may be an important modulatory factor. However, research
into the triad of HCC, lifetime stressor exposure, and stress reactivity is
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missing, specifically regarding the role of habituation.

To address these gaps, the present study examined associations be-
tween lifetime stressor exposure, cortisol reactivity and habituation, and
HCC. Based on evidence that greater cumulative stressor exposure is
related to elevated long-term cortisol secretion (Karlén et al., 2011;
Stalder et al., 2017), we hypothesized that lifetime stress would be
associated with HCC (H1). Second, given prior research indicating that
HCC may integrate both cumulative stressor exposure and acute stress
reactivity (Sandner et al., 2020; Steudte-Schmiedgen et al., 2015), we
hypothesized (https://osf.io/5br2u) that individuals with greater
cortisol reactivity would exhibit greater HCC (H2a). Conversely, based
on studies suggesting that efficient habituation indicates adaptive stress
regulation (Schommer et al., 2003; Wiist et al., 2005), we hypothesized a
negative association between the extent of habituation and HCC (H2b).
Finally, building on the notion that individual differences in stress
reactivity and habituation might influence the biological embedding of
life stress (Gianferante et al., 2014; Lam et al., 2019), we hypothesized
that the association between lifetime stressor exposure and HCC would
be moderated by stress reactivity (H3a) and stress reactivity habituation
(H3b). Additionally, in an exploratory fashion, we tested whether the
proposed associations (H3) differ when considering stressor exposure
during different developmental periods. To address these questions,
healthy individuals provided hair samples for endocrine analyses and
underwent a detailed lifetime stressor assessment using the STRAIN
(Slavich and Shields, 2018) as well as three subsequent stress inductions
via the TSST (Kirschbaum et al., 1993).

2. Material and methods
2.1. Participants

Eighty-two healthy adults were recruited from the general popula-
tion via announcements, flyers, and university-wide e-mail distribution
lists. Eligibility was determined via a semi-structured telephone
screening assessing all exclusion criteria, including self-reported
absence of current psychiatric symptoms and diagnoses. Inclusion
criteria comprised having hair of at least 2 cm in length at the posterior
vertex region (as defined by Huthsteiner et al., 2025) and the absence of
any of the following exclusion criteria: current psychotherapy, current
psychiatric diagnoses, endocrine disorders, cardiovascular diseases,
regular smoking (> 5 cigarettes per day), intake of medication influ-
encing mood, cognition, or endocrine function (e.g., corticosteroids;
except hormonal contraceptives). For females, continuous intake of oral
contraceptives for at least three months before study entry was required
to control for hormonal fluctuations over the four-week study period
(Montero-Lopez et al., 2018). As oral contraceptives suppress endoge-
nous estradiol and progesterone secretion, and the associated with-
drawal bleeding does not constitute a true menstrual phase, testing was
assumed to have occurred under hormonally stable conditions for all
female participants (Pletzer and Kerschbaum, 2014; Wiegratz and Kuhl,
2004). After participation in the presession, six participants did not
show up for the first TSST session, and an additional four participants
dropped out following the first TSST. These individuals were excluded
from all analyses as deriving indices of stress reactivity and habituation
required data from at least two TSST sessions (final sample for analyses
of stress reactivity: N=72, 53 women, age range: 18-38 years, M =
22.3, SD = 3.9). Participants who dropped out prior to the last TSST
session (n = 3) were included in statistical analyses. STRAIN data from
one (female) participant were lost due to computer failure.

At the beginning of the presession, participants provided written
informed consent, in which they were explicitly informed about their
right to withdraw from the study at any time without negative conse-
quences. Upon completion, participants received €15 per appointment
as remuneration (€60 in total for full participation). Ethical approval
was granted by the Ethics Committee of the University of Siegen (ER_45/
2021). Before any data collection took place, the study design and
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hypotheses were prospectively pre-registered, including an a priori
power analysis (https://osf.io/5br2u). Based on a conservative estimate
of r=.3 for the expected association between endocrine reactivity/
habituation and HCC, a target sample size was initially set at N =92 to
achieve 90 % power (a =.05, two-tailed). By the scheduled end of the
study, 82 participants had been recruited after exclusions, resulting in a
final sample of N =72 after additional dropouts. Although this number
is slightly below the initial target, sensitivity analysis showed that it still
provides sufficient power (80 %) to detect effects of the hypothesized
magnitude.

2.2. Procedure

The study protocol consisted of a total of four standardized sessions:
One presession and three consecutive TSST appointments, each sched-
uled one week apart in the afternoon (between 13:00 and 17:00). During
the presession, participants provided written informed consent, and
criteria for inclusion were ascertained (in addition to a previous tele-
phone screening interview). Afterward, they completed the STRAIN.
Then, a hair sample for HCC analysis was collected (see 2.3.1 for a
detailed description). In each of the subsequent sessions, the TSST
(Kirschbaum et al., 1993) was administered. Following a resting period
of 15-20 min, the TSST consisted of four main phases, each lasting
5 min: instruction, anticipation, free speech, and arithmetic task.

Upon arrival at the lab on each TSST session, participants consumed
a glucose drink (200 ml, 24 g glucose, cassis juice) and afterwards rinsed
their mouth with clear water, in order to control for interindividual
variability in baseline blood-glucose levels and to ensure reliable acti-
vation of the HPA axis, following current methodological recommen-
dations for standardized TSST implementation (Labuschagne et al.,
2019). The TSST consisted of a standardized instruction and anticipation
phase, followed by a 5-minute mock job interview and a 5-minute
mental arithmetic task performed in front of an evaluative panel. Task
parameters (e.g., speech topic, starting number for arithmetic) were
counterbalanced across sessions to minimize habituation and sequence
effects (Kirschbaum et al., 1993; Labuschagne et al., 2019). After the
TSST, the session ended with a 25-minute recovery phase. Throughout
the sessions, endocrine, cardiovascular, and subjective stress measures
were repeatedly collected (see Fig. 1 for timing). Consistent with stan-
dard TSST procedures, participants were informed that their

Presession | )
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performance would be evaluated and recorded to ensure the presence of
social-evaluative threat; all participants were fully debriefed after their
final session.As part of the psychosocial stress induction, participants
were told that their speech and behavior would be audio- and
video-recorded, though no actual recording took place. This deception
was upheld across all three TSST sessions until the final debriefing,
which occurred immediately after the third TSST session. Participants
who discontinued their participation before completion of all sessions
were debriefed upon dropout.

2.3. Material & measures

2.3.1. Hair cortisol (HCC)

During the presession, hair strands were collected from the posterior
vertex region, approximately 1-2 cm above the lambda landmark on the
scalp (Huthsteiner et al., 2025). Strands were cut as close to the scalp as
possible, with the proximal hair segment used for subsequent endocrine
analysis. Before analysis, no sample was stored for longer than three
months, following recent recommendations (Huthsteiner et al., 2025b,
a). HCC was quantified using liquid chromatography-mass spectrometry
(LC-MS), following a well-established procedure by Gao et al. (Gao et al.,
2013). To limit the influence of outliers, HCC values (pg/mg) that were
more than 1.5 times the interquartile range above or below the median
were ‘winsorized’, i.e., replaced with non-extreme maxima/minima.

2.3.2. Salivary cortisol

During the three TSST sessions, saliva samples were collected using
Salivette® (Sarstedt) at standardized time points (see Fig. 1). After each
appointment, samples were immediately stored at minus 20°C until
analysis. Salivary cortisol concentrations were determined using
chemiluminescence immunoassay with high sensitivity (Dressendorfer
et al,, 1992). Before assay, samples were thawed and centrifuged
(3000 rpm) for 5 min. The assay’s intra- and inter-assay coefficients of
variation were both below 8 %, indicating high reliability.

As salivary cortisol data (nmol/1) were strongly positively skewed (as
commonly observed), all values were first log-transformed in order to
approximate a normal distribution. Cortisol reactivity (per participant/
session) was then determined as the difference between the minimum
value during the baseline interval (15, —1 min) before stress induction
(i.e., immediately before the anticipation phase of the TSST) and the

~
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Fig. 1. Overview of the study schedule across the presession and three subsequent TSST sessions. Icons above the timeline indicate administration of a glucose drink
and measurement timing for a) visual analogue scales (VAS1-2), b) saliva samples (S1-5), and c) blood pressure and heart rate (BP1-9). Abbreviations: TSST: Trier
Social Stress Test; STRAIN: Stress and Adversity Inventory; HCC: Hair cortisol concentration; GLC: Glucose; VAS: Visual analogue scale; S: Saliva sample; BP: Blood

pressure and heart rate.
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maximum value after stress exposure (+20, +30, +45 min), following
recommendations based on pharmacokinetic modeling of acute cortisol
responses (Miller et al., 2013).

2.3.3. Cardiovascular measures

Systolic and diastolic blood pressure, as well as heart rate, were
measured using an oscillometric blood pressure monitor (Dinamap PRO
300V2; Critikon, Inc.) at standardized time points (see Fig. 1). Cardio-
vascular stress reactivity (systolic and diastolic blood pressure, heart
rate) was calculated as the difference between the minimum pre-stress
value (-15, —1 min) and the maximum value measured during the
TSST (+5, 49, +15, +20 min).

2.3.4. Acute subjective stress and arousal: visual analogue scales (VAS)

The current state of subjective stress and arousal was assessed using
visual analogue scales (VAS; McCormack et al., 1988) administered
immediately before and after the TSST (see Fig. 1). For each measure,
participants completed two scales, one assessing stress (“How stressed
do you feel?”) and one assessing arousal (“How aroused/excited do you
feel?””). Each question was presented with a 10 cm horizontal line
labeled with “not at all” on the left and “very much” on the right. Par-
ticipants were asked to indicate their current state by placing one cross
on each line. Afterwards, the distance from the left to the right endpoint
was measured and entered as a value ranging from 0.0 to 10.0. Changes
in subjectively perceived stress and arousal were defined as pre-post
differences (-1 vs. +20 min) relative to stress induction.

2.3.5. Cumulative lifetime stressor exposure: stress and adversity inventory
(STRAIN)

Cumulative lifetime stressor exposure was assessed using the STRAIN
(Slavich and Shields, 2018) — a detailed and well-validated structured
self-administered computerized assessment that measures exposure to a
wide variety of acute and chronic stressors across early life and adult-
hood by systematically integrating stressors of various life domains
while accounting for their severity (Slavich and Shields, 2018). More
specifically, the STRAIN systematically assesses exposure to 55 distinct
acute and past stressors across 12 different life domains (e.g., ‘Acci-
dents’, ‘Financial’, ‘Housing’, ‘Marital/Partner’, etc.). For each indicated
stressor, participants answer follow-up questions examining frequency,
timing, duration, and perceived severity. Therefore, the STRAIN pro-
vides a reliable and nuanced cumulative index of lifetime stress exposure
that can be dissociated into different age periods (Slavich and Shields,
2018). As individual stressors are assumed to contribute to an overall
cumulative record of exposure rather than reflecting homogenous
indices of a single underlying construct, psychometric evaluation of the
STRAIN has focused on its test-retest reliability (r=.86-.90) and
various other validity aspects, rather than internal consistency. Valida-
tion studies have demonstrated excellent usability, strong temporal
stability (r = .87 across two years), and robust convergent (r = .45-.70),
discriminant, and predictive validity (r = .22-.33) in relation to mental
and physical health outcomes (Cazassa et al., 2019; Kim et al., 2024;
Slavich and Shields, 2018; Sturmbauer et al., 2019). In the present
study, the global readout Total stressor exposure severity (which aggre-
gates the severity of all stressors) was used for the main correlational
analyses.

2.4. Data analysis

As a manipulation check of successful stress induction, data of all
outcome measures (i.e., stress reactivity indices) were analyzed using
linear mixed-effects models with random intercepts per participant,
indexing baseline stress reactivity on TSST session 1, and a fixed effect of
Session (t;_3), reflecting the linear change across repeated exposures (i.
e., habituation or sensitization). Significant effects of Session were fol-
lowed by pairwise comparisons between t; and ty as well as ty and t3
(with p-values adjusted for multiple testing by means of the Bonferroni
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method). Furthermore, to obtain unbiased estimates of cortisol reac-
tivity and habituation per individual, random intercepts and random
slopes for Session (i.e., linear trends) were estimated and extracted from
individual model fits. Models were fitted based on restricted maximum
likelihood estimation, using the Ime4 package available in R (Bates et al.,
2015). Significance of coefficients was assessed by t-tests with Sat-
terthwaite approximation.

Because of the heavily skewed distribution of both raw HCC values
and stress-related self-report indices, associations with HCC levels (H1 &
H2) were first assessed by means of Spearman rank correlations based on
untransformed raw data. In the second step, moderation analyses (H3)
were performed by means of multiple linear regression. To this end, all
variables were approximated to a normal distribution using log-
transformation (HCC) or square-root transformation (lifetime stress),
respectively (wherever appropriate). Predictors were centered. Separate
models with HCC as dependent variable and (1) lifetime stress, cortisol
reactivity, and their interaction (H3a) as well as (2) lifetime stress,
cortisol habituation, and their interaction (H3b) as predictors were
computed. For evaluating H3a and H3b (respectively), these models
were compared to an incrementally reduced model without the
respective interaction term. Indices of goodness of fit (Akaike Informa-
tion Criterion, AIC) for these comparisons are given. For ease of inter-
pretation, standardized regression coefficients of the final model are
reported. In an additional exploratory analysis, lifetime stressor expo-
sure was separated into early-life and adulthood to examine potential
timing effects and their interactions with cortisol reactivity. For each
analysis, the threshold of significance was set to « = .05. Furthermore,
statistical results at p < .10 are discussed as trends.

To make sure that drop-out of participants did not bias the outcome
of the study, Little’s MCAR test (Little, 1988) was performed, including
the variables age, sex, stress reactivity, HCC, and total stressor exposure
severity. The test was not significant (¥*(15) = 16.89, p = .33), indi-
cating that data were missing completely at random.

3. Results
3.1. Stress reactivity and habituation (manipulation check)

For demographic characteristics of the study sample, see Table 1.
Following the first laboratory-based stress exposure (TSST;), there were
significant increases (Apay) in salivary cortisol (bp = 0.82 [log(nmol/1)],
SE = 0.07, t[147.0] =11.97, p < .001), systolic blood pressure (bg =
30.7 [mmHG], SE = 1.43, t[170.2] = 21.41, p < .001), diastolic blood
pressure (bp = 23.1 [mmHG], SE = 0.96, t[175.7] = 24.07, p < .001),
heart rate (bg = 34.1 [bpm], SE = 1.60, t[123.7] = 21.28, p < .001), self-
reported stress (bp = 2.18 [VAS], SE = 0.23, t[171.5] = 9.39, p < .001)
and self-reported arousal (by = 2.45 [VAS], SE = 0.29, t[152.1] = 8.37,
p < .001). Fig. 2 shows the mean raw values of all stress indices across
sampling points and sessions. Significant negative linear trends across
repeated exposures (reflecting habituation of stress reactivity) were
found for all outcome measures (salivary cortisol: b = —0.23, SE = 0.04,
t[140.9] = —5.57, p < .001; systolic blood pressure: b = —5.0, SE = 0.96,
t[142.2] = —5.27, p < .001; diastolic blood pressure: b = —2.3, SE =
0.65, t[141.9] = —3.58, p < .001; heart rate: b = —4.72, SE = 0.85, t
[140.1] = —5.57, p < .001; self-reported stress: b = —1.09, SE = 0.16, t

Table 1

Demographic characteristics of the study sample (N = 72).
Variable M SD
Age (years) 22.5 4.1
Gender (female) 73.6 %
BMI (kg/m"2) 23 3.4
HCC (pg/mg) 4.3 3.4
Hair treatment 30.6 %
Hair washing frequency (per week) 3.8 1.7

Note. BMI, body-mass-index; HCC, hair cortisol concentration.
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Fig. 2. Changes in stress indices during TSST sessions 1, 2, and 3 (at intervals of one week): A. salivary cortisol, B. self-reported stress, C. self-reported arousal, D.
systolic blood pressure, E. diastolic blood pressure, and F. heart rate. X-axis: time (min) relative to the start of the TSST (anticipation phase). Embedded plots show
trajectories of stress reactivity (maximum pre-post change) across repeated exposures (mean and individual data). Note. BP: blood pressure; VAS: visual analogue

scale. Error bars represent SEM.

[142.3] = —6.95, p < .001; self-reported arousal: b= —1.30, SE = 0.18, t
[140.5] = —7.15, p < .001). Follow-up analyses further showed that
reactivity scores differed significantly between TSST; and TSST; for all
measures (all ps < .03; Bonferroni-corrected), whereas differences be-
tween TSST, and TSST3 were only significant for cortisol (p = .024) and
systolic blood pressure (p =.011), yet not for diastolic blood pressure
(p = .89), heart rate (p = .35), self-reported stress (p > .9) and arousal
(p > .9). The proportion of participants showing a cortisol increase
> 1.5 nmol/L declined from 72.4 % at TSST1-52.8 % at TSST2 and
37.7 % at TSST3, indicating progressive habituation of the HPA-axis
response. Moreover, cortisol peaks occurred predominantly at 30 min
after stress onset during TSST1 (55.3 %), but shifted toward earlier
peaks at 20 min (TSST1: 13.2 %, TSST2: 34.7 %, TSST3: 39.1 %; see
Supplement for details). Analyses examining the influence of testing
time (13:00-17:00) on baseline cortisol, peak levels, and cortisol reac-
tivity (A) revealed no evidence of significant time-of-day effects (all

A.

251

Hair Cortisol [In(pg/mg)]

.05 . L 1 . 1 L L 1 )
1 2 3 4 5 6 7 8 9 10

Lifetime Stressor Exposure [sqrt-transformed]

ps > .4). Notably, there was also no indication of any systematic dif-
ferences in baseline levels between sessions for any reactivity measure
(all Fs < 1, ps > .5), except for heart rate, which showed significantly
enhanced pre-stress levels on session 2 and 3 (F[2211] = 4.24,p = .015)

3.2. Association of hair cortisol with lifetime stress exposure (hypothesis
D

Consistent with our pre-registered hypothesis (H1), greater lifetime
stressor exposure (M = 33.2, SD = 18.7) was related to higher HCC levels
(M =1.22 [log(pg/mg)]1, SD = 0.66): p = .27, p = .021. See Fig. 3 (A) for
illustration.
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Fig. 3. Associations of HCC with (A) lifetime stressor exposure and (B) cortisol stress reactivity (during the first TSST).
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3.3. Association of hair cortisol with stress reactivity and habituation
(hypothesis 2)

The correlation of HCC with individual cortisol reactivity, as derived
from the first TSST (M = 0.133 [Apalog(nmol/1)], SD = 0.409) (H2a),
approached significance: p = .21, p =.078 (see Fig. 3B). Contrary to
expectations (H2b), there was no significant association between HCC
and the habituation of cortisol reactivity (i.e., individual slopes across
sessions; M = —0.11, SD = 0.18): p =-.15, p =.205 (see Fig. 3B).
Notably, cortisol reactivity at t; was inversely correlated with habitua-
tion (r = -.63, p < .001).

3.4. Moderation by stress reactivity and habituation (hypothesis 3)

As evident from multiple regression analyses (see Table 2), neither
cortisol reactivity (H3a, model A1) nor its habituation (H3b, model B1)
moderated the association between lifetime stressor exposure and HCC
(all interaction terms: ps > .49). However, both cortisol reactivity (f =
0.24; SE=0.11, t[68] = 2.11, p = .039) and lifetime stressor exposure (
= 0.30; SE = 0.11, t[68] = 2.61, p = .011) emerged as significant pre-
dictors of HCC (model A0; adjusted multiple R? =.101; see Table 2).
Notably, these associations also proved robust when tested within a
single regression model (including both cortisol reactivity and habitu-
ation) as well as when accounting for the potential influence of variation
in baseline cortisol levels (see Supplement for details).

In addition, we checked for the influence of potential covariates (i.e.,
BM]I, age, hair treatment, hair-washing frequency, and sex; Stalder et al.,
2017). None of these variables were significantly correlated with HCC in
our sample (ps > .3), except for sex (r = .28, p = .020). Notably, when
controlling for all covariates simultaneously, the association with life-
time stressor exposure remained significant (p = .007), while the effect
of cortisol reactivity did not (p = .113).

As suggested during peer review, we additionally tested whether the
main findings of our study were robust after exclusion of participants
with chemically treated hair (remaining sample: n = 52): There was still
a significant, numerically even stronger HCC/lifetime stress correlation
(p =.33, p = .020), but no significant association with cortisol reactivity
(p =.15, p = .286; habituation: p = —.21, p = .149). Also, the overall
pattern of associations remained largely unchanged when controlling for
baseline variation in cortisol (across participants and sessions) using
covariate-adjusted peak levels as an alternative reactivity metric. See
Supplement for detailed results of all additional (covariate) analyses.

3.5. Role of early-life vs. adult-life stress (exploratory analyses)

To test for potential differences in the contribution of early-life vs.
adulthood stressor exposure in relation to HCC, including their potential
interplay with cortisol reactivity, we performed an additional modera-
tion analysis: HCC was regressed on STRAIN-derived scores of both
early-life and adulthood life stressor exposure, as well as their in-
teractions with cortisol reactivity. This analysis revealed a significant
association between HCC and early-life adversity (B = 0.26; SE = 0.11, t
[66] = 2.26, p = .028). The interaction of early-life stressor exposure
with cortisol reactivity was not significant (p =.215). For adulthood
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stressor exposure, the main effect was non-significant (f = 0.13; SE =
0.11, t[66] = 1.14, p = .261), but a significant interaction with cortisol
reactivity emerged (p = —0.26; SE = 0.11, t[66] = —2.30, p = .025). The
main effect of cortisol reactivity was at trend level (f = 0.20; SE =0.11, t
[66] = 1.77, p = .081; adulthood life stressor exposure: § = 0.13; SE =
0.11, t[66] = 1.14, p = .261). Overall, this model explained 16.6 % of
variance in HCC levels (adjusted R?). Including sex led to a marginal
increase in explained variance (Rﬁdjusted =.198; F[1,65] = 3.62,
p = .062), but did not change the significance of the interaction terms or
the pattern of results. The same pattern was also observed when using an
alternative metric of cortisol reactivity, covariate-adjusted for baseline
levels (see Supplement). As illustrated in Fig. 4, our data suggest a
consistent link between early-life adversity and HCC. Conversely (and
unexpectedly), the association between adulthood stressor exposure and
HCC weakened with rising levels of cortisol reactivity.

4. Discussion

The present study set out to investigate how neuroendocrine reac-
tivity to a psychosocial stressor, as well as stress-response habituation,
relates to HCC and its putative link to lifetime stressor exposure. As
expected, the first exposure to the TSST elicited substantial increases in
all physiological and self-report indices of stress reactivity, whereas
subsequent habituation was evident from negative linear trends across
repeated TSST sessions (observed for all measures). Furthermore,
consistent with our pre-registered hypotheses, HCC was associated with
both lifetime stressors (H1) and cortisol reactivity (H2a). In contrast, no
association emerged between HCC and habituation of cortisol reactivity
(H2b), and the predicted moderation effect of neither stress reactivity
(H3a) nor its habituation (H3b) on the HCC-stress link was supported by
the data. However, exploratory analyses targeting distinct contributions
of early-life vs. adulthood stressor exposure suggested a partial modu-
latory role of cortisol reactivity for the association between stressors
occurring in adulthood and HCC, whereas early-life adversity was
consistently linked to elevated HCC.

Supporting our first hypothesis (H1), we found that individuals
reporting higher levels of cumulative life stress also exhibited modestly
elevated HCC. Beyond prior evidence for group-level associations with
varying facets of self-reported stress (Planert et al., 2023; Stalder et al.,
2017), this finding corroborates the potential value of HCC as an index
of chronic stressor exposure, based on a more detailed, behaviorally
anchored measure of stress across the life span. Previous meta-analytic
findings revealed elevated HCC in high stress groups, particularly with
ongoing stressor exposure, but generally failed to reveal consistent as-
sociations with questionnaire-based assessments of chronic perceived
stress (Stalder et al., 2017). HCC thus presumably reflects long-term
cortisol output (under stressed or unstressed conditions) but may not
fully represent the psychological experience of stress. Accordingly,
while our data support a link between lifetime stressor exposure and
HCC, this relationship likely captures physiological imprinting of cu-
mulative stressor exposure rather than chronic stress itself. Also, despite
the observed relationship, the use of the STRAIN did not substantially
increase the strength of the association, contrary to expectations, despite
providing a more comprehensive framework for stress assessment. One

Table 2

Goodness of fit (AIC) of regression models evaluating moderation hypotheses (H3a: Al vs. AO; H3b: B1 vs. BO).
Model (predictors) Rgjusted dfresiduals dfpredictors AAIC F p
Al. Cortisol reactivity*Lifetime stress, Cortisol reactivity, Lifetime stress, intercept .094 67 3 1.5 0.47 497 Al vs. AO
AO. Cortisol reactivity, Lifetime stress, intercept .101 68 2 -4.1 4.91 .010 A0 vs. C
B1. Cortisol habituation*Lifetime stress, Cortisol habituation, Lifetime stress, intercept .053 67 3 1.8 0.20 .655 B1 vs. BO
BO. Cortisol habituation, Lifetime stress, intercept .065 68 2 -2.8 3.41 .039 BO vs. C
C. Intercept 0 70 0

Note. AAIC: Change in Akaike Information Criterion (model comparison). Lifetime stress represents the cumulative lifetime stressor exposure as measured by the Stress

and Adversity Inventory.
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Fig. 4. Associations of HCC with age-related dimensions of lifetime stressor exposure, shown as a function of cortisol reactivity (median split): A. early-life stressor

exposure, B. adulthood stressor exposure.

possible explanation may be the fact that we employed the STRAIN in a
non-clinical, high-functional sample, where overall lifetime stressor
exposure tends to be lower and less pathological (Slavich and Shields,
2018). Moreover, consistent with prior research, small-to-medium effect
sizes suggest that HCC is not a homogenous index of chronic stress
exposure, but rather an integrative marker influenced by various other
processes, including individual and/or contextual factors (Russell et al.,
2012).

One such factor may be stress reactivity, with which HCC was
marginally associated in our study (consistent with expectations, H2a),
indicating that individuals with higher HCC had a slightly increased
response to acute, psychosocial stress. Presumably, the intensity of acute
cortisol responses may accumulate over time, resulting in higher levels
of HCC. This interpretation aligns with prior research that provided
preliminary evidence for a direct link between the magnitude of the
cortisol response to the TSST and HCC (Steudte-Schmiedgen et al., 2015;
but see Sandner et al., 2020). For example, Steudte-Schmiedgen et al.
(2015) found a marginal correlation between acute stress reactivity and
HCC. By contrast, other research (Sandner et al., 2020) suggested that
elevated HCC is associated with lower acute stress responses, which
could indicate a history of chronic activation or blunted responsivity of
the HPA axis. Regarding the latter, at higher levels of cumulative
stressor exposure, the regulatory efficiency of the HPA axis may dete-
riorate, resulting in attenuated cortisol responses despite elevated basal
output (Fries et al., 2005; McEwen, 2007). Consequently, the association
between stress reactivity and long-term cortisol accumulation is unlikely
to be strictly linear (Miller et al., 2007). Heterogeneity in findings
highlights the inherent complexity and current lack of understanding of
HCC as a marker of individual stress sensitivity. Some inconsistencies
may be partly explained by differences in sample characteristics, study
design, or analytical strategy. Steudte-Schmiedgen et al. (2015) exam-
ined a military cohort including individuals with and without PTSD,
whereas Sandner et al. (2020) investigated a small, non-clinical student
sample. In addition, the two studies used distinct stress paradigms (TSST
versus ScanSTRESS-C task) and differed in their temporal design, with
Steudte-Schmiedgen et al. relating baseline HCC to prospective out-
comes, while Sandner et al. assessed cross-sectional associations within
a single session. Such methodological variation may contribute to dis-
crepancies in the observed direction and strength of association between
HCC and acute stress reactivity. In our study, cortisol reactivity also did
not reliably correlate with HCC when further covariates, particularly
hair treatment, were taken into account. The conflicting pattern of re-
sults also underscores the necessity to investigate its relation to the
temporal dynamic of stress reactivity, which presumably reflects an
individual’s ability to adapt to repeated exposure to the same type of
stressor.

While decreases in response magnitude from the first to the second
TSST exposure were found for all stress reactivity indices in our study,

cortisol responses continued to habituate into the third session, as did
changes in systolic blood pressure (whereas other indices of cardiovas-
cular reactivity did not, similar to prior findings indicating reduced
habituation of autonomic stress responses (Finke et al., 2022; Schommer
et al., 2003). Most importantly, no association was found between HCC
and the habituation of cortisol reactivity, unlike predicted by our hy-
pothesis H2b. At first glance, this finding suggests that HCC may not
directly reflect successful long-term adaptation to stressors. The endo-
crine mechanisms underlying cortisol habituation are complex and
operate on different temporal scales. Rapid habituation (within minutes
or hours) depends on efficient negative feedback regulation through
glucocorticoid receptors, which serve to terminate acute HPA-axis
activation (Herman et al., 2016; Kloet et al., 2005). However, such
receptor-based feedback adjustments are unlikely to change funda-
mentally across a few laboratory stress exposures and, therefore, also
unlikely to serve as an explanation for adaptation spanning over several
weeks or longer (McEwen, 1998). Beyond endocrine processes, adap-
tation to stressors is also shaped by cognitive and affective factors
(Gianferante et al., 2014; Schommer et al., 2003; Zoccola and Dickerson,
2012) and, in this context, stress habituation can be better understood as
a dynamic process resulting from contextual learning, emotional (re-)
appraisal, and situational predictability (Grissom and Bhatnagar, 2009).
Over longer timescales, more persistent modifications in HPA-axis
function may occur, such as receptor (up/down) regulation or altered
set points following highly intense stressor exposure, especially at an
early period in life (Meaney and Szyf, 2005; Miller et al., 2007). Taken
together, the accumulation of HCC may lack the temporal resolution
required to capture this broad range of nuanced regulatory mechanisms.
Interestingly, however, habituation and initial reactivity were strongly
negatively correlated in the present sample, mirroring findings from
Wiist et al. (2005) and Kudielka et al. (2006), who reported that in-
dividuals with low cortisol responses were also more likely to yield weak
habituation. This supports the idea that initial responsivity and flexi-
bility in stress adaptation are meaningfully linked, consistent with the
concept of allostasis and allostatic load, in which the short-term stress
response is protective, while the inability to adapt to repeated stressors
may result in dysregulation of the endocrine system (Kudielka et al.,
2009; McEwen, 1998b). Given this premise, the lack of association be-
tween habituation and HCC may indicate that HCC is more sensitive to
long-term strain than to adaptability to repeated stress. Therefore,
conceptualizing HCC as the final output of short-term, stress-related
fluctuations in cortisol is probably too simplistic. Rather, different
neuroendocrine measures with varying temporal resolutions likely
capture distinct aspects of stress physiology (and may differentially
predict specific physical and mental health outcomes).

Contrary to our third hypothesis, we found no evidence of either
stress reactivity (H3a) or its habituation (H3b) moderating the associ-
ation between lifetime stressor exposure and HCC. The rationale behind
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the hypothesis was that elevated stress sensitivity or impaired stress
adaptation might lead to a larger endocrine imprint of chronic stress in
HCC, potentially explaining the inconsistent pattern of previous reports.
However, lifetime stressor exposure and stress reactivity were separately
associated with HCC, suggesting that this association may be more ad-
ditive than interactive, at least in the present healthy sample. At the
same time, the absence of the predicted moderation does not imply that
the underlying regulatory mechanisms are irrelevant. For instance, the
results contrast with prior research suggesting that long-term stress-
related outcomes are directly shaped by processes of stress adaptation,
such as stress reactivity or habituation (Kudielka et al., 2009; Wiist et al.,
2005). Moreover, inter-individual variability in habituation has been
linked to psychological traits such as self-esteem (Abouserie, 1994),
locus of control (Kirschbaum et al., 1995), and post-stress rumination
(Gianferante et al., 2014), which may modulate how effectively in-
dividuals biologically embed stress over time. From this point of view,
the absence of moderation effects in our study could also reflect limited
variability in these traits.

In addition to the pre-registered analyses concerning the main hy-
potheses, we conducted an additional analysis disentangling lifetime
stressor exposure into early-life vs. adulthood stressor exposure. Inter-
estingly, this analysis revealed that while experiencing early-life
adversity can lead to elevated HCC, stressors occurring during adult-
hood showed a diminishing association with HCC as individual cortisol
reactivity increased. The link between early-life adversity and HCC is
consistent with prior research suggesting that stress in sensitive, devel-
opmental periods exerts lasting effects on HPA-axis activity, which
might be reflected in accumulated HCC (Hengesch et al., 2018; Marsland
et al., 2024). Consistent with set point models of HPA-axis regulation,
early-life stress may induce long-term, epigenetically caused alterations
in glucocorticoid receptor expression, which may either heighten or
dampen negative feedback sensitivity (Miller et al., 2007; Meaney and
Szyf, 2005). Dampened feedback sensitivity likely leads to greater basal
cortisol secretion (Fries et al., 2009; Gunnar and Quevedo, 2007),
thereby potentially increasing cumulative cortisol deposition in hair.
However, at present, this remains speculation, and meta-analytic evi-
dence has so far not revealed stronger associations for early versus more
recent stressor exposure (Stalder et al., 2017). Importantly, early
adversity may also be related to neuroplasticity, i.e., structural and
functional changes of the brain during early development, in regions
that strongly impact the HPA-axis, such as the amygdala and the hip-
pocampus (Dannlowski et al., 2012). This may constitute further path-
ways contributing to the early adversity-HCC link.

In contrast, for stressor exposure during adulthood, the association
with HCC was weaker in individuals with higher cortisol reactivity in
our study. Though rather unexpected, this pattern aligns with prior
evidence for reduced phasic cortisol responses under conditions of
greater chronic HPA-axis activation (Kudielka et al., 2009; Voellmin
et al., 2015), potentially reflecting ceiling effects in HPA-axis drive:
Spikes in acute stress reactivity resulting from low basal cortisol may
contribute less to HCC than tonic cortisol secretion in individuals who
thus show limited capacity for further cortisol increase in the face of an
acute stressor (Kudielka et al., 2009; Schlotz et al., 2011). This may
explain weaker overall associations between adulthood stressor expo-
sure and HCC, even though, unlike early-life adversity, adulthood
stressor exposure may not entail fundamental changes to HPA set points,
which are assumed to remain largely intact at this developmental stage
(Lupien et al., 2009; Tarullo and Gunnar, 2006). Combined, these
mechanisms might account for the fact that early adversity was associ-
ated with higher HCC irrespective of current reactivity, whereas stress
experiences later in life appear to produce more variable endocrine
response profiles.

4.1. Limitations & future directions

While the current study provided novel insight into the relationship
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between HCC, lifetime stress exposure, stress reactivity, and its habitu-
ation, several limitations need to be acknowledged. First, due to the
homogeneity of the predominantly female, young, and non-clinical
sample, variability in stress exposure may have been limited. Despite
some advantages in terms of minimizing the influence of confounding
variables, the present results should therefore be interpreted with
caution and may not generalize to other (e.g., older or clinical) pop-
ulations. Given the comparably small proportion of male participants, it
was not feasible to reliably assess potential sex effects. Prior research
has, for example, documented systematic sex differences in the activity
of the HPA axis and cortisol reactivity (Kajantie and Phillips, 2006;
Kirschbaum et al., 1999). Such sex specific hormonal profiles may alter
the pattern of psychoneuroendocrine covariance to a certain extent, thus
limiting the external validity of our findings. Also, as no structured
clinical interview was administered, subclinical psychological symp-
toms cannot be fully ruled out, and future research should incorporate
standardized diagnostic assessments to ensure more precise character-
ization of mental health status. Future studies could replicate our study
in clinical and more diverse samples. Furthermore, the generalizability
of the present results is also constrained by our decision to include only
women using oral contraceptives. While this procedure ensured stan-
dardization of hormonal influences on cortisol secretion, especially
given that the study took four weeks to complete, future studies could
try other potential solutions, such as a shorter assessment period, e.g.,
administration of multiple TSSTs within a single menstrual phase. Using
the TSST, a well-validated and established stress protocol linked to
pronounced cortisol responses (Kirschbaum et al., 1993), allows for
meaningful comparison with other studies. However, it is unclear
whether alternative methods of stress induction, relying on other
stressors than social-evaluative threat, might lead to divergent results
(Finke et al., 2018, 2021). Also, robustness checks that included de-
mographic and hair-related covariates produced the same overall
conclusion for lifetime stressor exposure but reduced the contribution of
cortisol reactivity. Moreover, because baseline saliva was collected
shortly after glucose intake, even though participants rinsed their mouth
with water, a minor influence of the drink on baseline cortisol cannot be
ruled out. Beyond these sample- or design-specific considerations, our
exploratory findings suggest that a promising avenue for future research
would be to focus on how developmental timing, chronicity, and sub-
jective appraisal affect the accumulation of HCC.

5. Conclusion

The present study was the first to examine how lifetime stressor
exposure, stress reactivity, and habituation are jointly related to HCC.
Our aim was twofold: (1) providing an in-depth assessment of lifetime
stressor exposure (via the STRAIN) as well as its association with HCC,
and (2) examining the potential modulatory role of stress reactivity and
its habituation. To conclude, our findings underscore the potential of
HCC to index not only long-term stress exposure but also individual
variability in stress responsivity. Together with the observed link be-
tween early-life adversity and HCC, both the extent of reacting to acute
stressors and experiencing stress during crucial developmental periods
may leave a lasting endocrine imprint. Furthermore, the absent associ-
ation with stress habituation points towards HCC being less sensitive to
short-term adjustments in the stress response. Rather than serving as a
homogenous readout of accumulated lifetime stress, HCC may also
capture information on how stress is physiologically processed over
time. Future research may further disentangle the underlying compo-
nents to enhance our understanding of the predictive value of HCC as a
biomarker of stress and related health risks.

CRediT authorship contribution statement

Jari Planert: Writing — original draft, Visualization, Investigation,
Formal analysis, Data curation, Conceptualization. Tobias Stalder:



J. Planert et al.

Writing — review & editing, Supervision, Resources, Conceptualization.
Katharina Huthsteiner: Writing — review & editing. George M. Sla-
vich: Writing — review & editing, Resources. Tim Klucken: Writing —
review & editing, Resources. Johannes B. Finke: Writing — original
draft, Visualization, Supervision, Investigation, Formal analysis, Data
curation, Conceptualization.

Funding source

J Planert was funded by the German Research Foundation (DFG),
Research Training Group 2493 [2493/1: 398510439]. K Huthsteiner
was funded by the DFG (STA 1213/11-1). G Slavich was supported by
grant #0PR21101 from the California Governor’s Office of Planning and
Research/California Initiative. The findings and conclusions in this
article are those of the authors and do not necessarily represent the
views or opinions of these organizations, which had no role in designing
or planning this study; in collecting, analyzing, or interpreting the data;
in writing the article; or in deciding to submit this article for publication.

Declaration of Competing Interest

The authors declare that they have no conflicts of interest.

Acknowledgements

We would like to thank all participants and student assistants who
were involved in the study, as it would not have been possible to realize
it without them.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.psyneuen.2025.107715.

References

Abouserie, R., 1994. Sources and Levels of Stress in Relation to Locus of Control and Self
Esteem in University Students. Educ. Psychol. 14 (3), 323-330. https://doi.org/
10.1080/0144341940140306.

Bates, D., Machler, M., Bolker, B., Walker, S., 2015. Fitting Linear Mixed-Effects Models
Using Ime4. J. Stat. Softw. 67 (1). https://doi.org/10.18637/jss.v067.i01.

Boyce, W.T., Ellis, B.J., 2005. Biological sensitivity to context: I. An evolutionary-
developmental theory of the origins and functions of stress reactivity. Dev.
Psychopathol. 17 (2), 271-301. https://doi.org/10.1017/50954579405050145.

Cazassa, M.J., Da Oliveira, M.S., Spahr, C.M., Shields, G.S., Slavich, G.M., 2019. The
Stress and Adversity Inventory for Adults (Adult STRAIN) in Brazilian Portuguese:
Initial Validation and Links With Executive Function, Sleep, and Mental and Physical
Health. Front. Psychol. 10, 3083. https://doi.org/10.3389/fpsyg.2019.03083.

Dannlowski, U., Stuhrmann, A., Beutelmann, V., Zwanzger, P., Lenzen, T., Grotegerd, D.,
Domschke, K., Hohoff, C., Ohrmann, P., Bauer, J., Lindner, C., Postert, C.,

Konrad, C., Arolt, V., Heindel, W., Suslow, T., Kugel, H., 2012. Limbic scars: Long-
term consequences of childhood maltreatment revealed by functional and structural
magnetic resonance imaging. Biol. Psychiatry 71 (4), 286-293. https://doi.org/
10.1016/j.biopsych.2011.10.021.

Dettenborn, L., Tietze, A., Bruckner, F., Kirschbaum, C., 2010. Higher cortisol content in
hair among long-term unemployed individuals compared to controls.
Psychoneuroendocrinology 35 (9), 1404-1409. https://doi.org/10.1016/j.
psyneuen.2010.04.006.

Dickerson, S.S., Kemeny, M.E., 2004. Acute stressors and cortisol responses: A theoretical
integration and synthesis of laboratory research. Psychol. Bull. 130 (3), 355-391.
https://doi.org/10.1037/0033-2909.130.3.355.

Dressendorfer, R.A., Kirschbaum, C., Rohde, W., Stahl, F., Strasburger, C.J., 1992.
Synthesis of a cortisol-biotin conjugate and evaluation as a tracer in an immunoassay
for salivary cortisol measurement. J. Steroid Biochem. Mol. Biol. 43 (7), 683-692.
https://doi.org/10.1016/0960-0760(92)90294-s.

Finke, J.B., Behrje, A., HeBlenberg, E., Klucken, T., Schachinger, H., 2022. Stressed in
afterthought: Neuroendocrine effects of social self-threat during physical effort are
counteracted by performance feedback after stress exposure.
Psychoneuroendocrinology 139, 105703. https://doi.org/10.1016/j.
psyneuen.2022.105703.

Finke, J.B., Kalinowski, G.I., Larra, M.F., Schachinger, H., 2018. The socially evaluated
handgrip test: Introduction of a novel, time-efficient stress protocol.
Psychoneuroendocrinology 87, 141-146. https://doi.org/10.1016/j.
psyneuen.2017.10.013.

Psychoneuroendocrinology 184 (2026) 107715

Finke, J.B., Zhang, X., Plein, D., Schilling, T.M., Schéchinger, H., Larra, M.F., 2021.
Combining mental and physical stress: Synergy or interference? Physiol. Behav. 233,
113365. https://doi.org/10.1016/j.physbeh.2021.113365.

Fries, E., Dettenborn, L., Kirschbaum, C., 2009. The cortisol awakening response (CAR):
Facts and future directions. Int. J. Psychophysiol. Off. J. Int. Organ. Psychophysiol.
72 (1), 67-73. https://doi.org/10.1016/j.ijpsycho.2008.03.014.

Fries, E., Hesse, J., Hellhammer, J., Hellhammer, D.H., 2005. A new view on
hypocortisolism. Psychoneuroendocrinology 30 (10), 1010-1016. https://doi.org/
10.1016/j.psyneuen.2005.04.006.

Gao, W., Stalder, T., Foley, P., Rauh, M., Deng, H., Kirschbaum, C., 2013. Quantitative
analysis of steroid hormones in human hair using a column-switching LC-APCI-MS/
MS assay. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 928, 1-8. https://doi.
0rg/10.1016/j.jchromb.2013.03.008.

Gianferante, D., Thoma, M.V., Hanlin, L., Chen, X., Breines, J.G., Zoccola, P.M.,
Rohleder, N., 2014. Post-stress rumination predicts HPA axis responses to repeated
acute stress. Psychoneuroendocrinology 49, 244-252. https://doi.org/10.1016/j.
psyneuen.2014.07.021.

Grissom, N., Bhatnagar, S., 2009. Habituation to repeated stress: Get used to it.
Neurobiol. Learn. Mem. 92 (2), 215-224. https://doi.org/10.1016/j.
nlm.2008.07.001.

Gunnar, M., Quevedo, K., 2007. The neurobiology of stress and development. Annu. Rev.
Psychol. 58, 145-173. https://doi.org/10.1146/annurev.psych.58.110405.085605.

Heim, C., Newport, D.J., Heit, S., Graham, Y.P., Wilcox, M., Bonsall, R., Miller, A.H.,
Nemeroff, C.B., 2000. Pituitary-adrenal and autonomic responses to stress in women
after sexual and physical abuse in childhood. JAMA 284 (5), 592-597. https://doi.
org/10.1001/jama.284.5.592.

Hellhammer, D.H., Wiist, S., Kudielka, B.M., 2009. Salivary cortisol as a biomarker in
stress research. Psychoneuroendocrinology 34 (2), 163-171. https://doi.org/
10.1016/j.psyneuen.2008.10.026.

Hengesch, X., Elwenspoek, M.M.C., Schaan, V.K., Larra, M.F., Finke, J.B., Zhang, X.,
Bachmann, P., Turner, J.D., Vogele, C., Muller, C.P., Schéachinger, H., 2018. Blunted
endocrine response to a combined physical-cognitive stressor in adults with early life
adversity. Child Abus. Negl. 85, 137-144. https://doi.org/10.1016/j.
chiabu.2018.04.002.

Herman, J.P., McKlveen, J.M., Ghosal, S., Kopp, B., Wulsin, A., Makinson, R.,
Scheimann, J., Myers, B., 2016. Regulation of the Hypothalamic-Pituitary-
Adrenocortical Stress Response. Compr. Physiol. 6 (2), 603-621. https://doi.org/
10.1002/cphy.c150015.

Huthsteiner, K., Finke, J.B., Peters, E.M.J., Klucken, T., Stalder, T., 2025. Hair cortisol
and other hair analytes decline with storage over a one-year period: A systematic,
within-subject investigation. Psychoneuroendocrinology 181, 107593. https://doi.
org/10.1016/j.psyneuen.2025.107593.

Huthsteiner, K., Finke, J.B., Peters, E.M.J., Kleinke, K., Klucken, T., Stalder, T., 2025.
What is the best sampling region for endocrine hair analysis? A comparison between
the posterior vertex and occipital region and recommendation for standardization.
Psychoneuroendocrinology 177, 107457. https://doi.org/10.1016/j.
psyneuen.2025.107457.

Kajantie, E., Phillips, D.L.LW., 2006. The effects of sex and hormonal status on the
physiological response to acute psychosocial stress. Psychoneuroendocrinology 31
(2), 151-178. https://doi.org/10.1016/j.psyneuen.2005.07.002.

Karlén, J., Ludvigsson, J., Frostell, A., Theodorsson, E., Faresjo, T., 2011. Cortisol in hair
measured in young adults - a biomarker of major life stressors? BMC Clin. Pathol. 11,
12. https://doi.org/10.1186/1472-6890-11-12.

Kim, E.S., Kim, Y.T., Oh, K.-S., Shin, Y.C., Jeon, S.-W., Shin, D.-W., Cho, S.J., Slavich, G.
M., Kim, J., 2024. The Stress and Adversity Inventory for Adults (Adult STRAIN) in
Korean: Initial Validation and Associations with Psychiatric Disorders. Brain Sci. 15
(1). https://doi.org/10.3390/brainsci15010032.

Kirschbaum, C., Kudielka, B.M., Gaab, J., Schommer, N.C., Hellhammer, D.H., 1999.
Impact of gender, menstrual cycle phase, and oral contraceptives on the activity of
the hypothalamus-pituitary-adrenal axis. Psychosom. Med. 61 (2), 154-162. https://
doi.org/10.1097/00006842-199903000-00006.

Kirschbaum, C., Pirke, K.M., Hellhammer, D.H., 1993. The ‘Trier Social Stress Test’-a
tool for investigating psychobiological stress responses in a laboratory setting.
Neuropsychobiology 28 (1-2), 76-81. https://doi.org/10.1159/000119004.

Kirschbaum, C., Priissner, J.C., Stone, A.A., Federenko, 1., Gaab, J., Lintz, D.,
Schommer, N., Hellhammer, D.H., 1995. Persistent high cortisol responses to
repeated psychological stress in a subpopulation of healthy men. Psychosom. Med.
57 (5), 468-474. https://doi.org/10.1097/00006842-199509000-00009.

Kloet, E.R. de, Joéls, M., Holsboer, F., 2005. Stress and the brain: From adaptation to
disease. Nat. Rev. Neurosci. 6 (6), 463-475. https://doi.org/10.1038/nrn1683.

Kubany, E.S., Haynes, S.N., Leisen, M.B., Owens, J.A., Kaplan, A.S., Watson, S.B.,
Burns, K., 2000. Development and preliminary validation of a brief broad-spectrum
measure of trauma exposure: The Traumatic Life Events Questionnaire. Psychol.
Assess. 12 (2), 210-224. https://doi.org/10.1037//1040-3590.12.2.210.

Kudielka, B.M., Hellhammer, D.H., Wiist, S., 2009. Why do we respond so differently?
Reviewing determinants of human salivary cortisol responses to challenge.
Psychoneuroendocrinology 34 (1), 2-18. https://doi.org/10.1016/j.
psyneuen.2008.10.004.

Kudielka, B.M., Kanel, R. von, Preckel, D., Zgraggen, L., Mischler, K., Fischer, J.E., 2006.
Exhaustion is associated with reduced habituation of free cortisol responses to
repeated acute psychosocial stress. Biol. Psychol. 72 (2), 147-153. https://doi.org/
10.1016/j.biopsycho.2005.09.001.

Labuschagne, 1., Grace, C., Rendell, P., Terrett, G., Heinrichs, M., 2019. An introductory
guide to conducting the Trier Social Stress Test. Neurosci. Biobehav. Rev. 107,
686-695. https://doi.org/10.1016/j.neubiorev.2019.09.032.


https://doi.org/10.1016/j.psyneuen.2025.107715
https://doi.org/10.1080/0144341940140306
https://doi.org/10.1080/0144341940140306
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1017/s0954579405050145
https://doi.org/10.3389/fpsyg.2019.03083
https://doi.org/10.1016/j.biopsych.2011.10.021
https://doi.org/10.1016/j.biopsych.2011.10.021
https://doi.org/10.1016/j.psyneuen.2010.04.006
https://doi.org/10.1016/j.psyneuen.2010.04.006
https://doi.org/10.1037/0033-2909.130.3.355
https://doi.org/10.1016/0960-0760(92)90294-s
https://doi.org/10.1016/j.psyneuen.2022.105703
https://doi.org/10.1016/j.psyneuen.2022.105703
https://doi.org/10.1016/j.psyneuen.2017.10.013
https://doi.org/10.1016/j.psyneuen.2017.10.013
https://doi.org/10.1016/j.physbeh.2021.113365
https://doi.org/10.1016/j.ijpsycho.2008.03.014
https://doi.org/10.1016/j.psyneuen.2005.04.006
https://doi.org/10.1016/j.psyneuen.2005.04.006
https://doi.org/10.1016/j.jchromb.2013.03.008
https://doi.org/10.1016/j.jchromb.2013.03.008
https://doi.org/10.1016/j.psyneuen.2014.07.021
https://doi.org/10.1016/j.psyneuen.2014.07.021
https://doi.org/10.1016/j.nlm.2008.07.001
https://doi.org/10.1016/j.nlm.2008.07.001
https://doi.org/10.1146/annurev.psych.58.110405.085605
https://doi.org/10.1001/jama.284.5.592
https://doi.org/10.1001/jama.284.5.592
https://doi.org/10.1016/j.psyneuen.2008.10.026
https://doi.org/10.1016/j.psyneuen.2008.10.026
https://doi.org/10.1016/j.chiabu.2018.04.002
https://doi.org/10.1016/j.chiabu.2018.04.002
https://doi.org/10.1002/cphy.c150015
https://doi.org/10.1002/cphy.c150015
https://doi.org/10.1016/j.psyneuen.2025.107593
https://doi.org/10.1016/j.psyneuen.2025.107593
https://doi.org/10.1016/j.psyneuen.2025.107457
https://doi.org/10.1016/j.psyneuen.2025.107457
https://doi.org/10.1016/j.psyneuen.2005.07.002
https://doi.org/10.1186/1472-6890-11-12
https://doi.org/10.3390/brainsci15010032
https://doi.org/10.1097/00006842-199903000-00006
https://doi.org/10.1097/00006842-199903000-00006
https://doi.org/10.1159/000119004
https://doi.org/10.1097/00006842-199509000-00009
https://doi.org/10.1038/nrn1683
https://doi.org/10.1037//1040-3590.12.2.210
https://doi.org/10.1016/j.psyneuen.2008.10.004
https://doi.org/10.1016/j.psyneuen.2008.10.004
https://doi.org/10.1016/j.biopsycho.2005.09.001
https://doi.org/10.1016/j.biopsycho.2005.09.001
https://doi.org/10.1016/j.neubiorev.2019.09.032

J. Planert et al.

Lam, J.C.W., Shields, G.S., Trainor, B.C., Slavich, G.M., Yonelinas, A.P., 2019. Greater
lifetime stress exposure predicts blunted cortisol but heightened DHEA responses to
acute stress. Stress Health. J. Int. Soc. Investig. Stress 35 (1), 15-26. https://doi.org/
10.1002/smi.2835.

Little, R.J.A., 1988. A Test of Missing Completely at Random for Multivariate Data with
Missing Values. J. Am. Stat. Assoc. 83 (404), 1198-1202. https://doi.org/10.1080/
01621459.1988.10478722.

Lupien, S.J., McEwen, B.S. [Bruce S.], Gunnar, M.R., Heim, C., 2009. Effects of stress
throughout the lifespan on the brain, behaviour and cognition. Nat. Rev. Neurosci.
10 (6), 434-445. https://doi.org/10.1038/nrn2639.

Marsland, A.L., Jones, E., Reed, R.G., Walsh, C.P., Natale, B.N., Lindsay, E.K., Ewing, L.J.,
2024. Childhood trauma and hair cortisol response over the year following onset of a
chronic life event stressor. Psychoneuroendocrinology 165, 107039. https://doi.org/
10.1016/j.psyneuen.2024.107039.

McCormack, H.M., Horne, D.J., Sheather, S., 1988. Clinical applications of visual
analogue scales: A critical review. Psychol. Med. 18 (4), 1007-1019. https://doi.
org/10.1017/s0033291700009934.

McEwen, B.S., 1998a. Protective and damaging effects of stress mediators. N. Engl. J.
Med. 338 (3), 171-179. https://doi.org/10.1056/NEJM199801153380307.

McEwen, B.S., 1998b. Stress, adaptation, and disease. Allostasis and allostatic load. Ann.
N. Y. Acad. Sci. 840, 33-44. https://doi.org/10.1111/j.1749-6632.1998.tb09546.x.

McEwen, B.S., 2007. Physiology and neurobiology of stress and adaptation: Central role
of the brain. Physiol. Rev. 87 (3), 873-904. https://doi.org/10.1152/
physrev.00041.2006.

Meaney, M.J., Szyf, M., 2005. Environmental programming of stress responses through
DNA methylation: Life at the interface between a dynamic environment and a fixed
genome. Dialog. Clin. Neurosci. 7 (2), 103-123. https://doi.org/10.31887/
DCNS.2005.7.2/mmeaney.

Miller, G.E., Chen, E., Zhou, E.S., 2007. If it goes up, must it come down? Chronic stress
and the hypothalamic-pituitary-adrenocortical axis in humans. Psychol. Bull. 133
(1), 25-45. https://doi.org/10.1037,/0033-2909.133.1.25.

Miller, R., Plessow, F., Kirschbaum, C., Stalder, T., 2013. Classification criteria for
distinguishing cortisol responders from nonresponders to psychosocial stress:
Evaluation of salivary cortisol pulse detection in panel designs. Psychosom. Med. 75
(9), 832-840. https://doi.org/10.1097/PSY.0000000000000002.

Monroe, S.M., Slavich, G.M., Torres, L.D., Gotlib, I.H., 2007. Major life events and major
chronic difficulties are differentially associated with history of major depressive
episodes. J. Abnorm. Psychol. 116 (1), 116-124. https://doi.org/10.1037,/0021-
843X.116.1.116.

Montero-Lopez, E., Santos-Ruiz, A., Garcia-Rios, M.C., Rodriguez-Blazquez, M.,

Rogers, H.L., Peralta-Ramirez, M.I., 2018. The relationship between the menstrual
cycle and cortisol secretion: Daily and stress-invoked cortisol patterns. Int. J.
Psychophysiol. Off. J. Int. Organ. Psychophysiol. 131, 67-72. https://doi.org/
10.1016/j.ijpsycho.2018.03.021.

Olvera Alvarez, H.A., Provencio-Vasquez, E., Slavich, G.M., Laurent, J.G.C.,

Browning, M., McKee-Lopez, G., Robbins, L., Spengler, J.D., 2019. Stress and Health
in Nursing Students: The Nurse Engagement and Wellness Study. Nurs. Res. 68 (6),
453-463. https://doi.org/10.1097/NNR.0000000000000383.

Planert, J., Klucken, T., Finke, J.B., Paulus, P.C., Fischer, J.E., Gao, W., Stalder, T., 2023.
Associations between hair cortisol and subjective stress measures in a large
occupational sample. Psychoneuroendocrinology 152, 106086. https://doi.org/
10.1016/j.psyneuen.2023.106086.

Pletzer, B.A., Kerschbaum, H.H., 2014. 50 years of hormonal contraception-time to find
out, what it does to our brain. Front. Neurosci. 8, 256. https://doi.org/10.3389/
fnins.2014.00256.

Quaedflieg, C., Meyer, T., van Ruitenbeek, P., & Smeets, T. (2018). Examining habituation
and sensitization across repetitive laboratorystress inductions using the MAST. htt
ps://doi.org/10.34894/9YZ8DA.

Russell, E., Koren, G., Rieder, M., van Uum, S., 2012. Hair cortisol as a biological marker
of chronic stress: Current status, future directions and unanswered questions.
Psychoneuroendocrinology 37 (5), 589-601. https://doi.org/10.1016/j.
psyneuen.2011.09.009.

Sandner, M., Lois, G., Streit, F., Zeier, P., Kirsch, P., Wiist, S., Wessa, M., 2020.
Investigating individual stress reactivity: High hair cortisol predicts lower acute
stress responses. Psychoneuroendocrinology 118, 104660. https://doi.org/10.1016/
j-psyneuen.2020.104660.

10

Psychoneuroendocrinology 184 (2026) 107715

Schlotz, W., Hammerfald, K., Ehlert, U., Gaab, J., 2011. Individual differences in the
cortisol response to stress in young healthy men: Testing the roles of perceived stress
reactivity and threat appraisal using multiphase latent growth curve modeling. Biol.
Psychol. 87 (2), 257-264. https://doi.org/10.1016/j.biopsycho.2011.03.005.

Schommer, N.C., Hellhammer, D.H., Kirschbaum, C., 2003. Dissociation between
reactivity of the hypothalamus-pituitary-adrenal axis and the sympathetic-adrenal-
medullary system to repeated psychosocial stress. Psychosom. Med. 65 (3), 450-460.
https://doi.org/10.1097/01.psy.0000035721.12441.17.

Shields, G.S., Slavich, G.M., 2017. Lifetime Stress Exposure and Health: A Review of
Contemporary Assessment Methods and Biological Mechanisms. Soc. Personal.
Psychol. Compass 11 (8). https://doi.org/10.1111/spc3.12335.

Slavich, G.M., Shields, G.S., 2018. Assessing Lifetime Stress Exposure Using the Stress
and Adversity Inventory for Adults (Adult STRAIN): An Overview and Initial
Validation. Psychosom. Med. 80 (1), 17-27. https://doi.org/10.1097/
PSY.0000000000000534.

Stalder, T., Kirschbaum, C., 2012. Analysis of cortisol in hair-state of the art and future
directions. Brain Behav. Immun. 26 (7), 1019-1029. https://doi.org/10.1016/j.
bbi.2012.02.002.

Stalder, T., Steudte-Schmiedgen, S., Alexander, N., Klucken, T., Vater, A., Wichmann, S.,
Kirschbaum, C., Miller, R., 2017. Stress-related and basic determinants of hair
cortisol in humans: A meta-analysis. Psychoneuroendocrinology 77, 261-274.
https://doi.org/10.1016/j.psyneuen.2016.12.017.

Stalder, T., Tietze, A., Steudte, S., Alexander, N., Dettenborn, L., Kirschbaum, C., 2014.
Elevated hair cortisol levels in chronically stressed dementia caregivers.
Psychoneuroendocrinology 47, 26-30. https://doi.org/10.1016/j.
psyneuen.2014.04.021.

Staufenbiel, S.M., Penninx, B.W.J.H., Spijker, A.T., Elzinga, B.M., van Rossum, E.F.C.,
2013. Hair cortisol, stress exposure, and mental health in humans: A systematic
review. Psychoneuroendocrinology 38 (8), 1220-1235. https://doi.org/10.1016/j.
psyneuen.2012.11.015.

Steudte-Schmiedgen, S., Kirschbaum, C., Alexander, N., Stalder, T., 2016. An integrative
model linking traumatization, cortisol dysregulation and posttraumatic stress
disorder: Insight from recent hair cortisol findings. Neurosci. Biobehav. Rev. 69,
124-135. https://doi.org/10.1016/j.neubiorev.2016.07.015.

Steudte-Schmiedgen, S., Stalder, T., Schonfeld, S., Wittchen, H.-U., Trautmann, S.,
Alexander, N., Miller, R., Kirschbaum, C., 2015. Hair cortisol concentrations and
cortisol stress reactivity predict PTSD symptom increase after trauma exposure
during military deployment. Psychoneuroendocrinology 59, 123-133. https://doi.
org/10.1016/j.psyneuen.2015.05.007.

Steudte-Schmiedgen, S., Wichmann, S., Stalder, T., Hilbert, K., Muehlhan, M.,

Lueken, U., Beesdo-Baum, K., 2017. Hair cortisol concentrations and cortisol stress
reactivity in generalized anxiety disorder, major depression and their comorbidity.
J. Psychiatr. Res. 84, 184-190. https://doi.org/10.1016/j.jpsychires.2016.09.024.

Sturmbauer, S.C., Shields, G.S., Hetzel, E.-L., Rohleder, N., Slavich, G.M., 2019. The
Stress and Adversity Inventory for Adults (Adult STRAIN) in German: An overview
and initial validation. PloS One 14 (5), e0216419. https://doi.org/10.1371/journal.
pone.0216419.

Tarullo, A.R., Gunnar, M.R., 2006. Child maltreatment and the developing HPA axis.
Horm. Behav. 50 (4), 632-639. https://doi.org/10.1016/j.yhbeh.2006.06.010.

Turner, AL, Smyth, N., Hall, S.J., Torres, S.J., Hussein, M., Jayasinghe, S.U., Ball, K.,
Clow, A.J., 2020. Psychological stress reactivity and future health and disease
outcomes: A systematic review of prospective evidence. Psychoneuroendocrinology
114, 104599. https://doi.org/10.1016/j.psyneuen.2020.104599.

Voellmin, A., Winzeler, K., Hug, E., Wilhelm, F.H., Schaefer, V., Gaab, J. [Jens], La
Marca, R., Pruessner, J.C., Bader, K., 2015. Blunted endocrine and cardiovascular
reactivity in young healthy women reporting a history of childhood adversity.
Psychoneuroendocrinology 51, 58-67. https://doi.org/10.1016/j.
psyneuen.2014.09.008.

Wiegratz, 1., Kuhl, H., 2004. Long-cycle treatment with oral contraceptives. Drugs 64
(21), 2447-2462. https://doi.org/10.2165/00003495-200464210-00006.

Wiist, S., Federenko, LS., van Rossum, E.F.C., Koper, J.W., Hellhammer, D.H., 2005.
Habituation of cortisol responses to repeated psychosocial stress-further
characterization and impact of genetic factors. Psychoneuroendocrinology 30 (2),
199-211. https://doi.org/10.1016/j.psyneuen.2004.07.002.

Zoccola, P.M., Dickerson, S.S., 2012. Assessing the relationship between rumination and
cortisol: A review. J. Psychosom. Res. 73 (1), 1-9. https://doi.org/10.1016/j.
jpsychores.2012.03.007.


https://doi.org/10.1002/smi.2835
https://doi.org/10.1002/smi.2835
https://doi.org/10.1080/01621459.1988.10478722
https://doi.org/10.1080/01621459.1988.10478722
https://doi.org/10.1038/nrn2639
https://doi.org/10.1016/j.psyneuen.2024.107039
https://doi.org/10.1016/j.psyneuen.2024.107039
https://doi.org/10.1017/s0033291700009934
https://doi.org/10.1017/s0033291700009934
https://doi.org/10.1056/NEJM199801153380307
https://doi.org/10.1111/j.1749-6632.1998.tb09546.x
https://doi.org/10.1152/physrev.00041.2006
https://doi.org/10.1152/physrev.00041.2006
https://doi.org/10.31887/DCNS.2005.7.2/mmeaney
https://doi.org/10.31887/DCNS.2005.7.2/mmeaney
https://doi.org/10.1037/0033-2909.133.1.25
https://doi.org/10.1097/PSY.0000000000000002
https://doi.org/10.1037/0021-843X.116.1.116
https://doi.org/10.1037/0021-843X.116.1.116
https://doi.org/10.1016/j.ijpsycho.2018.03.021
https://doi.org/10.1016/j.ijpsycho.2018.03.021
https://doi.org/10.1097/NNR.0000000000000383
https://doi.org/10.1016/j.psyneuen.2023.106086
https://doi.org/10.1016/j.psyneuen.2023.106086
https://doi.org/10.3389/fnins.2014.00256
https://doi.org/10.3389/fnins.2014.00256
https://doi.org/10.34894/9YZ8DA
https://doi.org/10.34894/9YZ8DA
https://doi.org/10.1016/j.psyneuen.2011.09.009
https://doi.org/10.1016/j.psyneuen.2011.09.009
https://doi.org/10.1016/j.psyneuen.2020.104660
https://doi.org/10.1016/j.psyneuen.2020.104660
https://doi.org/10.1016/j.biopsycho.2011.03.005
https://doi.org/10.1097/01.psy.0000035721.12441.17
https://doi.org/10.1111/spc3.12335
https://doi.org/10.1097/PSY.0000000000000534
https://doi.org/10.1097/PSY.0000000000000534
https://doi.org/10.1016/j.bbi.2012.02.002
https://doi.org/10.1016/j.bbi.2012.02.002
https://doi.org/10.1016/j.psyneuen.2016.12.017
https://doi.org/10.1016/j.psyneuen.2014.04.021
https://doi.org/10.1016/j.psyneuen.2014.04.021
https://doi.org/10.1016/j.psyneuen.2012.11.015
https://doi.org/10.1016/j.psyneuen.2012.11.015
https://doi.org/10.1016/j.neubiorev.2016.07.015
https://doi.org/10.1016/j.psyneuen.2015.05.007
https://doi.org/10.1016/j.psyneuen.2015.05.007
https://doi.org/10.1016/j.jpsychires.2016.09.024
https://doi.org/10.1371/journal.pone.0216419
https://doi.org/10.1371/journal.pone.0216419
https://doi.org/10.1016/j.yhbeh.2006.06.010
https://doi.org/10.1016/j.psyneuen.2020.104599
https://doi.org/10.1016/j.psyneuen.2014.09.008
https://doi.org/10.1016/j.psyneuen.2014.09.008
https://doi.org/10.2165/00003495-200464210-00006
https://doi.org/10.1016/j.psyneuen.2004.07.002
https://doi.org/10.1016/j.jpsychores.2012.03.007
https://doi.org/10.1016/j.jpsychores.2012.03.007

	Linking hair cortisol and life stress: The role of stress reactivity and habituation
	1 Introduction
	2 Material and methods
	2.1 Participants
	2.2 Procedure
	2.3 Material & measures
	2.3.1 Hair cortisol (HCC)
	2.3.2 Salivary cortisol
	2.3.3 Cardiovascular measures
	2.3.4 Acute subjective stress and arousal: visual analogue scales (VAS)
	2.3.5 Cumulative lifetime stressor exposure: stress and adversity inventory (STRAIN)

	2.4 Data analysis

	3 Results
	3.1 Stress reactivity and habituation (manipulation check)
	3.2 Association of hair cortisol with lifetime stress exposure (hypothesis 1)
	3.3 Association of hair cortisol with stress reactivity and habituation (hypothesis 2)
	3.4 Moderation by stress reactivity and habituation (hypothesis 3)
	3.5 Role of early-life vs. adult-life stress (exploratory analyses)

	4 Discussion
	4.1 Limitations & future directions

	5 Conclusion
	CRediT authorship contribution statement
	Funding source
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	References


