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ABSTRACT

Background: Stress activates the central nervous, the autonomic nervous, and the endocrine system. This study
aimed to (1) test the usability of salivary cortisone in a standardized psychosocial stressor, (2) create a com-
prehensive profile of hormonal responses to determine laboratory parameters with high discriminatory power,
and (3) analyze their association with psychometric and autonomic stress measures.

Methods: Healthy young men (18-35 years) completed either the Trier Social Stress Test (TSST) (n = 33) or a
Placebo-TSST (n = 34). Blood and saliva were collected at 14 time points along with state-anxiety (STAI) and
heart rate. Serum steroids (cortisol*, cortisone*, dehydroepiandrosterone-sulfate, androstenedione*, proges-
terone*, 17-hydroxyprogesterone*, testosterone, estradiol*, aldosterone*), salivary cortisol* and cortisone*,
copeptin*, adrenocorticoptropic hormone*, corticosteroid-binding globulin, and salivary alpha-amylase* were
analyzed. We used mixed-design ANOVAs to test group differences, receiver operator characteristic (ROC) curve
analyses to assess the discriminatory power of each measure, and Spearman correlation analyses to probe the
association between measures.

Results: The largest area under the ROC curve was observed in salivary cortisone at 20 min after the end of the
TSST (AUC = 0.909 + 0.044, p < 0.0001). Significant time-by-group interactions were found in the para-
meters marked with * above, indicating stress-induced increases. The peak response of salivary cortisone was
significantly associated with those of STAI (rho = 0.477, p = 0.016) and heart rate (tho = 0.699, p < 0.0001)
in the TSST group.

Conclusion: Our study found salivary cortisone to be a stress biomarker with high discriminatory power and
significant correlations with subjective and autonomic stress measures. Our results can inform future stress
studies of sampling time for different laboratory parameters.

1. Introduction

The brain orchestrates the stress response and is central for the adap-
tation to current and future stressors (Ulrich-Lai and Herman, 2009).

An adaptive response to a stressor (i.e., a demand or threat) com- ANS stimulation is marked by a rapid increase of heart rate (Allen et al.,
prises activation in the central nervous system, the autonomic nervous 2014), the release of plasma catecholamines and salivary alpha-amylase
system (ANS), and the endocrine system (Chrousos and Gold, 1992). (Granger et al., 2007; Rohleder and Nater, 2009). The response of the
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globulin; CRH, corticotropin-releasing hormone; CV, coefficient of variation; DHEAS, dehydroepiandrosterone sulfate; E, cortisone; F, cortisol; HPA, hypothalamus-
pituitary-adrenal; LC-MS/MS, liquid chromatography-tandem mass spectrometry; ROC, receiver operating characteristic; STAI, state-trait anxiety inventory; TSST,
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Fig. 1. Study design with relative time stamps
in minutes. Zero minute indicates the start of

the stress intervention, the Trier Social Stress
Test (TSST) or placebo TSST. Abbreviations:

PRE STRESS POST
preparation anat rest1| [rest2 ;ﬁig; rest3 rest 4 anat rest5| |rest6) debriefing
Jl.\/’/HI\II\IT\I\IIII‘I\Jl»HTI\OJI»I«l\IH\I‘HHII\.l\lJl.\IJI.\I\Tt
T1 T2 T3 T4 T5 T6T7T8 T9 T10 T11 T12 T13 T4
210 -90 -45 30 -15 51525 45 60 80 95 110

hypothalamus-pituitary-adrenal (HPA)-axis, key element of the endo-
crine stress response, consists of a cascade of hormone releases
(Spanakis et al., 2016): corticotropin-releasing hormone (CRH) and
copeptin from the hypothalamus (Katan et al., 2008; Urwyler et al.,
2015), adrenocorticotropic hormone (ACTH) from the pituitary, and —
the primary stress hormone - cortisol from the adrenal glands. More
than 90% of the cortisol in circulation is bound to proteins (Lewis et al.,
2005). The unbound fraction of cortisol is biologically active and can
diffuse into the saliva (Hellhammer et al., 2009). Therefore, salivary
cortisol has been used as a surrogate marker of serum free cortisol with
its advantage of non-invasive sample collection. However, salivary
cortisol is converted to cortisone rapidly and irreversibly, as the sali-
vary glands exhibit high levels of 118-hydroxysteroid dehydrogenase 2
(11B-HSD2) (Blair et al., 2017). In consequence, the concentration of
cortisone in saliva is 2-6 times higher than that of cortisol in saliva (Bae
et al., 2016). Recently, salivary cortisone was found to be a better
surrogate marker of serum free cortisol than salivary cortisol, particu-
larly when serum cortisol levels are low, or when hydrocortisone was
administered as a therapeutic or experimental intervention (Blair et al.,
2017; Debono et al., 2016; Perogamvros et al., 2010). Therefore, the
first aim of our study was to investigate the usability of saliva cortisone
as an endocrine stress marker in a standardized psychophysiological
stress experiment, the Trier Social Stress Test (TSST) (Kirschbaum et al.,
1993).

The second aim of our study was based on the observation that
previous stress studies show a high degree of heterogeneity in terms of
sampling time points and laboratory parameters. This makes their
comparison difficult and can only insufficiently inform future stress
studies. We, therefore, wanted to create a comprehensive response
profile of laboratory parameters for a standardized psychosocial
stressor, the TSST, in healthy young men(Kirschbaum et al., 1993) and
a closely matching control task (Het et al., 2009). With a relatively high
sampling frequency, we aimed to assess the time courses of measures
from different stress axes before, during, and after the intervention and
to determine the laboratory parameters which discriminate between the
stress and the control group. In addition to the main stress axes (i.e.,
ANS and the HPA-axis), we investigated how stress affects the level of
sex steroid hormones, considering that both chronic stress and the al-
teration of sex steroid hormones are related to a variety of medical
conditions (Byun et al., 2013; Corona and Maggi, 2010; Toufexis et al.,
2014).

After identifying laboratory parameters with high discriminatory
power, we also assessed their association with other stress measures;
specifically, self-reported subjective negative affect (using the state-
trait anxiety inventory, STAI (Spielberger et al., 1983)) and heart rate
as autonomic stress marker.

2. Material and methods
2.1. Participants

Male participants (n = 67, age range: 18-35 years) were recruited
at the Max Planck Institute for Human Cognitive and Brain Sciences in
Leipzig, Germany. Exclusion criteria were: smoking, drug or excessive
alcohol consumption, university degree in psychology or currently
studying psychology, regular medication intake including steroid use,
history of cardiovascular or neurological diseases, or a BMI higher than
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anat, Anatomical MRI scan (details not directly
relevant for the current paper).

130 min

27. Since magnetic resonance imaging (MRI) was used to acquire brain
data for a different focus of the study (Reinelt et al., in preparation),
standard MRI exclusion criteria additionally applied: participants with
tattoos, irremovable metal objects (including retainers or piercing),
tinnitus, or claustrophobia were excluded. Included participants were
randomly assigned to either the stressor (n = 33) or the control group
(n = 34). Due to unavailability of blood samples or heart rate data, 8
participants from the stress group and 9 participants from the control
group were excluded from the statistical analysis. All appointments
were scheduled for the same time of day (11:45) to control for diurnal
fluctuations of hormones (e.g., cortisol (Katz and Shannon, 1964)). In
addition, participants were asked to get at least 8 h of sleep before the
day of the experiment, to wake up no later than 9:00 a.m. and to have
their breakfast as usual. Participants were also requested not to exercise
before their study appointment and refrain from drinking coffee or
black tea. Written informed consent was obtained from all participants.
The study was approved by the ethics committee of the medical faculty
of the University of Leipzig. All procedures were performed in ac-
cordance with the current revision of the Helsinki Declaration. Parti-
cipants received financial remuneration.

2.2. Procedure

in Fig. 1. Participants received a first salivary collection tube, Sal-
ivette Time points for sample collection are illustrated ° (Sarstedt AG &
Co. KG) around 12:00 p.m. (T0). After TO, participants were equipped
with a BioHarness3 chest strap (Zephyr Technology Corporation) re-
cording an electrocardiogram (ECG). Participants then laid down on an
examination couch and a physician placed an intravenous catheter in
the left or right cubital vein. Immediately after placing the catheter, a
first blood sample was acquired, and subjective experience and saliva
were sampled a second time at T1, 210 min before the onset of the TSST
or placebo-TSST. After this initial preparation, participants had a 15-
minute lunch break, where they were given water and a snack. During
the 10-minute walk to the study center, they were asked about their
career aims and dream jobs. After 30 min of rest in the study center, a
further sampling instance (T2, at 90 min before stress onset) of sub-
jective rating, saliva, and blood samples was performed. Further sam-
ples (T3 at 45 min before stress onset, T4 at 30 min before stress onset,
and T5 at 15min before stress onset) were taken while participants
were lying inside the MRI scanner (see 2.1). After T5, participants were
brought to a different room, where they underwent either the TSST or
the Placebo-TSST, which included the collection of subjective ratings,
saliva, and blood (T6 at + 5min after stress onset and T7 at + 15 min
after stress onset) (see 2.3). Following the intervention, participants
were brought back to the scanner room. In the MRI, six more samples of
subjective rating, saliva, and blood were taken (T8 at + 25 min after
stress onset, T9 at + 45 min after stress onset, T10 at + 60 min after
stress onset, T11 at + 80 min after stress onset, T12 at + 95 min after
stress onset, and T13 at + 110 min after stress onset). After exiting the
scanner, participants were debriefed in a separate room. The experi-
ment ended with a final sampling instance (T14 at + 130 min after
stress onset).

2.3. Intervention

Participants completed either the Trier Social Stress Test (TSST)
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(Kirschbaum et al., 1993) or a Placebo-TSST (Het et al., 2009).

2.3.1. TSST

Participants were accompanied from the MRI to a separate testing
room, in which they encountered a committee of two professional ac-
tors introduced as “professional psychologists trained in the analysis of
non-verbal communication”. Participants were told to imagine that
they would apply for their dream job and asked to freely describe re-
levant personal qualifications. Additionally, participants were told (1)
that, while talking, they would be observed by the committee and re-
corded by a video camera and a microphone, (2) that they would have
to perform another task after their talk and (3) that they would have
5 min to prepare notes for their oral introduction. For this preparation,
participants then sat down in front of the committee. After this pre-
paration phase, a sampling time point followed (T6) before the parti-
cipants stood in front of the microphone and began with their self-
presentation without using their written notes. The committee members
monitored the participant neutrally without any facial cues. Whenever
the instructions were violated, committee members interrupted and
repeated standardized instructions: for example, whenever a partici-
pant stopped talking, the committee waited for 20 s, silently looking at
the participant before asking him to continue with the presentation.
After 5 min, the participants were introduced to the next task, in which
they had to count backward in steps of 17 from 2043 as fast and ac-
curately as possible. Every time a participant made a mistake, he was
asked to start from the beginning. After 5 min, participants sat down for
another sampling instance (T7). Participants were then told that an-
other task would follow in the MRI scanner, to which they were brought
back to by the experimenter and the committee members. This addi-
tional information had the aim to maintain (subjective) stress levels
until the participants were back in the MRI scanner. At T10, partici-
pants were then told that no more task would follow.

2.3.2. Placebo-TSST

The Placebo-TSST resembled the TSST but without the committee,
the camera, and the microphone: participants were accompanied to the
testing room and instructed to sit for 5 min and take notes about their
career aims, which they would afterward talk about while standing
alone in the room. Following this, they would perform a simple mental
arithmetic task for 5 min, counting upwards from zero in increments of
15. Participants were then left without supervision in the testing room.
After 5 min, the experimenter entered the room to collect psychometric,
saliva, and blood samples (T6). After the experimenter had left, the
participants had to stand up and read what they had prepared before.
After 5min, the experimenter re-entered the room and asked the par-
ticipants to start with the arithmetic task. Following the 5min of
counting, the participants sat down for another sampling instance (T7),
after which they were accompanied to the MRI.

2.4. Data acquisition

2.4.1. Endocrine data

While participants responded to the questionnaires with the free
arm, the experimenter acquired blood samples (serum and plasma)
using Sarstedt blood collection tubes (Sarstedt) from a catheter placed
on the contra-lateral arm at the beginning of the procedure.
Simultaneously, participants were chewing a Salivette for Cortisol®
(Sarstedt) for saliva sampling (duration: at least 2 min). Throughout the
experiment, blood samples were collected at 14 time points (T1-T14)
and saliva samples and subjective ratings at 15 time points (T0-T14).
Saliva and blood samples were stored at —80 °C after centrifugation
until the laboratory analysis.

2.4.2. Psychometric data
Subjective stress was measured using the state version of the state-
trait anxiety inventory (STAI) (Spielberger et al., 1983). This
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questionnaire consists of 20 items such as “I am tense”; “I am worried”
and “I feel calm”; “I feel secure”, which can be answered on a 4 point
Likert-type scale ranging from 1 (“not at all”) to 4 (“very much so”).

2.4.3. Autonomic data

Outside the MRI scanner, heart rate data were obtained using a
BioHarness3 (Zephyr) attached to the participants’ chest at the height of
the xiphoid process to record an ECG. Inside the MRI scanner, a
BrainAmp (Brain Products GmbH) was used for ECG acquisition. To
reduce artifacts related to breathing (i.e., movement of the thorax), the
three electrodes were placed on the participants’ backs (one adjacent to
cervical spine c7, one above the coccyx, and one 15 cm below the left
armpit). In the MRI scanner, pulse oximetry was recorded at a finger
using an MP150 device (Biopac Systems, Inc.). Autonomic data were
recorded continuously and heart rate was averaged over blocks of
3 min, which were centered at -40, -35, -25, -20, +3, +8, +13, +35,
+40, +50, +55, +70, +75, +85, and + 90 min with zero minute as
the start of the stress or control intervention.

2.5. Laboratory analysis

Steroid hormones in serum, which include cortisol, cortisone, tes-
tosterone, androstenedione, 17-hydroxyprogesterone (17-OHP), dehy-
droepiandrosterone sulfate (DHEAS), progesterone, and estradiol, were
simultaneously quantified using liquid chromatography-tandem mass
spectrometry (LC-MS/MS) (Gaudl et al., 2016). Cortisol and cortisone
in saliva were also measured using LC-MS/MS (Bae et al., 2016). Inter-
assay coefficient of variation for each steroid hormone was as follows:
cortisol (0.8-3.1%), cortisone (2.0-9.6%), aldosterone (0.6-9.3%),
testosterone (0.6-4.9%), androstenedione (0.4-5.6%), 17 —OHP (0.7-
5.9%), DHEAS (4.2-17.6%), progesterone (0.7-3.7%), and estradiol
(0.4-5.6%) in serum and cortisol (4.5-5.1%) and cortisone (5.8-7.2%)
in saliva. Other laboratory parameters were measured individually ac-
cording to the product specification of the manufacturers. ACTH in
plasma was measured using chemiluminescent immunoassay tech-
nology (DiaSorin) with inter-assay CVs of 5.5-8.9%. Copeptin in serum
was measured by the BRAHMS copeptin ultrasensitive assay on the
KRYPTOR Compact Plus system (Thermo Fisher Scientific) with inter-
assay CVs less than 10% at concentrations above 4 pmol/L. Corticos-
teroid-binding globulin (CBG) in serum was measured using radio-
immunoassay (Diasource Diagnostics) with inter-assay CVs of
4.8-10.8%. Alpha-amylase in saliva was measured using the enzymatic
colorimetric test at Cobas 8000 c-module (Roche) after 1:300 dilution
with 0.1% bovine serum albumin in phosphate buffer saline (Bae et al.,
2016) with inter-assay CVs of 1.0-1.6 %. Serum free cortisol was cal-
culated using Coolen's formula (Coolens et al., 1987).

2.6. Statistical analysis

Statistical analyses were performed using the software SPSS
(Version 24) and MedCalc (Version 12.7.7). The group of participants
who completed the TSST was defined as "stress group" and the one
completing the Placebo-TSST was defined as "control group". The de-
mographic and anthropometric characteristics of age and BMI, respec-
tively, were compared between the groups using independent t-tests.
The reactivity of the investigated parameters was analyzed after base-
line correction (i.e., dividing each value by the value at T5), using
mixed-design analyses of variance (ANOVAs) with time (TO or T1-T14)
as within-subject factor and group (stress, control) as between-subject
factor. Group means ( = SEM) of each parameter are plotted in Fig. 2.
Based on the non-normality of data tested with Kolmogorov-Smirnov
test, Spearman correlation analyses were performed to test the asso-
ciations between the peak responses (i.e., the maximal values after the
TSST between T7 and T14 before the values start to decrease) of dif-
ferent parameters in the stress group.

To assess how efficiently each parameter could differentiate the
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Fig. 2. Temporal trajectories of the laboratory parameters, state anxiety (state-trait anxiety inventory, STAI), and heart rate before, during, and after the Trier Social
Stress Test (TSST) or the Placebo-TSST (Mean + SEM). The x-axis represents the sampling time points, which are same for STAI and the laboratory parameters (For
ECG, see Section 2.4.3). Sampling time points (x-axis) are specified at the lower right corner with the time frame of the stress intervention marked with a box.

groups, receiver operating characteristic (ROC) curves (Metz, 1978;
Zweig and Campbell, 1993) were computed at each time point with the
stress group as the positive (n = 25) and the control group as the ne-
gative group (n = 25) using MedCalc. The area under the ROC curve
(AUC) was calculated using the empirical method (Lasko et al., 2005).
AUGCs higher than 0.80 indicate that two distributions (in this case:
groups) can be separated well (Lasko et al., 2005). Confidence intervals,
Youden index J, and its corresponding criterion value were calculated
using the bias-corrected and accelerated interval bootstrap method
(BCa) (Efron and Tibshirani, 1993). Estimated sensitivities at fixed
specificities of 80%, 90%, and 95% were calculated along with BCa
95% confidence intervals. The AUCs from correlated ROC curves were
compared nonparametrically with the DeLong method implemented in
MedCalc (DeLong et al., 1988).

3. Results

There was no significant difference between the stress group
(n = 25) and the control group (n = 25) in age or in BMI (Table 1).

3.1. Characterization of the stress response

The temporal dynamics of the laboratory parameters, STAI scores,
and heart rate in response to the TSST or Placebo-TSST are shown in
Fig. 2. Significant time by group interactions were found for serum total
cortisol, salivary cortisone, ACTH, androstenedione, salivary cortisol,
serum cortisone, copeptin, progesterone, serum free cortisol, STAI
scores, aldosterone, heart rate, estradiol, and 17-OHP, indicating stress-
induced increases. No significant interactions were present for salivary
alpha-amylase, testosterone, DHEAS, and CBG (see Table 2). Average
responses peaked at different time points with a lag between the
parameters: STAI scores peaked at T6 ( + 5min after TSST onset),
ACTH, progesterone, androstenedione, and estradiol at T7 ( + 15 min
after TSST onset), serum total cortisol, serum free cortisol, salivary
cortisol, and salivary cortisone at T8 ( + 25 min after TSST onset).
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Table 1
Summary of participant characteristics in the stress and the control group.

Stress group Control group

Included in the study

N (all males) 33 34
Excluded from the analysis
N 8 9
Reason for the exclusion

® Serum samples not available 3 5

® Heart rate data not available 5 5

® Serum samples and heart rate data not 0 1

available

Included in the analysis
N 25 25
Age (yr) Mean + SD 25.20 = 2.55 26.32 = 2.78
BMI (kg/mz) Mean * SD 22.82 = 2.05 23.96 + 2.58

There was no significant difference in age or BMI between the groups.
3.2. Discriminatory power of the laboratory parameters at each time point

AUGCs higher than 0.80 were found at one or more time points be-
tween T7 (after the end of the stressor) and T12 in ACTH, serum total
cortisol, serum free cortisol, salivary cortisol, salivary cortisone, and
STAI scores (see Supplemental Table 1). The parameters with the
highest AUC at each time point are summarized in Table 3. As shown in
Fig. 3 and Supplemental Table 1, ACTH showed an AUC higher than 0.8
from T7 to T9, while salivary cortisone had an AUC higher than 0.80
from T8 to T12. The highest AUC among all parameters and time points
was found for salivary cortisone at T9 (AUC = 0.909, standard
error = 0.044, p < 0.0001). Comparison of AUCs between the ROC
curves showed no significant difference between the parameters with
an AUC larger than 0.80. Nevertheless, another important aspect of the
ROC curves beside AUC is the sensitivity at a fixed specificity. Although
their AUCs did not differ significantly, salivary cortisone showed a
higher sensitivity with narrower confidence interval (CI) [Salivary
cortisone sensitivity (CI): 60% (30.59-84.00) vs. salivary cortisol
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Table 2

Summary of the time by group interaction effect of each parameter after
baseline correction (i.e., dividing each value by the value at T5). Abbreviations:
af', degree of freedom; df?, degree of freedom for error; ACTH, adrenocorti-
cotropic hormone; STAI state trait anxiety inventory; DHEAS, dehydroepian-
drosterone sulfate; CBG, corticosteroid binding globulin.

Parameter F (df', df?) p

Serum total cortisol 33.0 (2.2, 103.8) < 0.001
Salivary cortisone 26.0 (2.5, 118.6) < 0.001
ACTH 24.6 (1.6, 79.0) < 0.001
Androstenedione 20.5 (3.3, 158.3) < 0.001
Salivary cortisol 19.5 (2.0, 98.0) < 0.001
Serum cortisone 14.0 (9.0, 142.0) < 0.001
Copeptin 10.0 (1.9, 90.4) < 0.001
Progesterone 9.9 (1.9, 90.9) < 0.001
Serum free cortisol 7.4 (2.4, 114.5) < 0.001
STAI score 7.3 (4.0, 192.5) < 0.001
Aldosterone 5.3 (2.4,113.9) 0.004
Heart rate 5.1 (2.8, 130.0) 0.003
Estradiol 4.8 (6.5, 312.5) < 0.001
17-hydroxyprogesterone 3.1(2.3,111.6) 0.040
Salivary alpha-amylase 2.6 (2.4,.108.4) 0.071
Testosterone 2.4 (2.4, 113.5) 0.089
CBG 1.0 (6.2, 299.4) 0.454
DHEAS 0.8 (6.7, 322.9) 0.612

sensitivity (CI): 56.00% (8.00-92.00) at a specificity of 95% (Supple-
mental Table 1)].

3.3. Association with anxiety levels and heart rate

Among the laboratory parameters with AUCs higher than 0.80 (see
3.2), the peak values of serum total and free cortisol, salivary cortisol,
and salivary cortisone showed significant correlations with peak values
of STAI scores and heart rate within the stress group (n = 25). Pairwise
correlations of the investigated parameters are summarized in the
Supplemental Table 2. The peak response of salivary cortisone was
significantly associated with those of STAI (rho = 0.477, p = 0.016)
and heart rate (tho = 0.699, p < 0.0001) in the TSST group (Supple-
mental Fig. 1).

4. Discussion

We find that salivary cortisone can serve as a stress marker in ex-
perimental studies. It exhibits high discriminatory power and correlates
significantly with subjective and autonomic stress markers such as state
anxiety and heart rate. Furthermore, we have identified the time
courses and the discriminatory power of a comprehensive set of la-
boratory parameters, which may inform future studies about when and
which laboratory parameter to collect.

Salivary cortisone has recently emerged as a superior surrogate

Table 3
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marker for serum free cortisol compared to salivary cortisol due to the
irreversible conversion from cortisol to cortisone in saliva (Blair et al.,
2014; Debono et al., 2016; Perogamvros et al., 2010; Raff, 2016).
Perogamvros et al. (Perogamvros et al., 2010) found that salivary cor-
tisone has a comparable fold-change to serum free cortisol after adrenal
stimulation with the synthetic ACTH “Synacthen®”. After hydro-
cortisone administration, salivary cortisol measurement results showed
falsely high values due to interference by hydrocortisone, whereas the
response of salivary cortisone was very similar to that of serum free
cortisol (Perogamvros et al., 2010). Salivary cortisone was also de-
tectable at very low serum cortisol concentrations, which were induced
by dexamethasone suppression of ACTH (Ceccato et al., 2012; Cornes
et al., 2015; Debono et al., 2016; Mak et al., 2017). Salivary cortisol
concentrations, on the other hand, often appeared to be below the limit
of detection. This reflects the rapid conversion of cortisol to cortisone
by 11B-HSD2 in saliva, which was also observed in the present study
(see Supplemental Fig. 2). In many research laboratories, salivary cor-
tisol is measured using immunoassays. We previously showed that the
physiological level of salivary cortisone can lead to falsely high values
of salivary cortisol in immunoassays due to its cross-reactivity (Bae
et al., 2016). The effect of this cross-reactivity in immunoassays is more
pronounced for lower concentrations of cortisol, which may appear in
afternoon samples due to circadian rhythm. This implies that stress
research would benefit from using LC-MS/MS, which does not display
such interference (Bae et al., 2016).

By assessing the temporal dynamics of a comprehensive panel of
laboratory parameters, we were able to characterize their relative dis-
criminatory power in terms of sampling time points. Among the la-
boratory parameters that showed significant interaction effects of time
and group, ACTH, progesterone, and androstenedione showed a rapid
increase, peaking immediately post stress test. In the ROC analysis,
ACTH showed an AUC of 0.870 immediately following the TSST and
could differentiate the two groups up to 45min (T9) from the stress
onset. Fast stress recovery of ACTH indicates a “healthy” stress hor-
mone profile that is maintained by sensitive glucocorticoid-mediated
negative feedback circuits (Sapolsky, 2000). Because of its short half-
life (7-10 min) and low stability in vitro, ACTH has been regarded as a
less preferable biomarker compared to cortisol in stress research
(Livesey and Dolamore, 2010; MEAKIN et al., 1959). Elevation in
progesterone and androstenedione concentration shows their synthesis
and secretion from the adrenal glands through ACTH stimulation
(Lennartsson et al., 2012; Schumacher et al., 2014). A fast peak re-
sponse of these hormones with anti-glucocorticoid properties may
imply protective mechanisms against exposure to an excess amount of
cortisol during the stress response (Maninger et al., 2009; Morgan et al.,
2004). The slow rise and recovery of cortisol and its metabolite corti-
sone may allow the body to prepare defense mechanisms during the
early phase of stress and to adapt to the stressor (Bae et al., 2015; Qian
et al., 2011).

Summary of the laboratory parameters with the highest area under the curve in the receiver operating characteristic (ROC) analysis at each time point (after the
stressor). Statistics from Mann-Whitney U tests. Abbreviations: ACTH, adrenocorticotropic hormone; AUC, area under the curve; J, Youden Index J; cut-off is the
association criterion based on the Youden index J; STAI, state trait anxiety inventory. For the list of all parameters with AUC > 0.80, see Supplemental Table 1.

Parameter Time Median (min-max) ROC Analysis
point

Stress group Control group p-value AUC p-value J cut-off
STAI 6 45.00 (36.00 - 67.00) 37.00 (26.00 - 59.00) < 0.0001 0.798 < 0.0001 0.48 > 37.00
ACTH (pmol/L) 7 7.38 (2.10 - 37.44) 2.65 (1.24 - 11.07) < 0.0001 0.870 < 0.0001 0.64 > 3.83
Serum free cortisol (nmol/L) 8 20.20 (6.65 — 89.97) 8.47 (3.31 - 40.13) < 0.0001 0.891 < 0.0001 0.68 > 11.62
Salivary cortisone (nmol/L) 9 36.34 (11.35 - 62.42) 17.53 (7.43 - 32.46) < 0.0001 0.909 < 0.0001 0.76 > 23.91
Serum free cortisol (nmol/L) 10 14.89 (6.14 — 39.23) 6.96 (2.66 — 23.03) < 0.0001 0.902 < 0.0001 0.76 > 9.56
Salivary cortisone (nmol/L) 11 24.47 (8.46 — 44.11) 14.15 (5.94 - 25.30) < 0.0001 0.885 < 0.0001 0.72 >19.78
Salivary cortisone (nmol/L) 12 22.05 (9.02 - 37.17) 13.68 (5.63 — 22.66) < 0.0001 0.848 < 0.0001 0.64 > 16.20
Salivary cortisol (nmol/L) 13 2.51 (1.32 - 6.98) 1.44 (0.46 - 4.97) 0.001 0.778 < 0.0001 0.48 > 1.43
Salivary cortisone (nmol/L) 14 16.95 (9.27 - 31.35) 13.62 (6.02 - 33.57) 0.009 0.714 0.004 0.40 >16.01
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Fig. 3. Receiver operating characteristic (ROC) curves of laboratory parameters which had an area under the ROC curve (AUC) greater than 0.80 are plotted from
time point 7 to time point 12 (from A to F). The highest AUC for each time point is specified with the respective parameter.

While both serum and salivary cortisol showed high discriminatory
power between the two study groups, cortisol in serum necessitates
invasive venipunctures, which may induce stress and evoke a cortisol
response in itself (Weckesser et al., 2014). According to the “free hor-
mone hypothesis” (Mendel, 1989), which states that the biological ac-
tivity of a hormone is determined by its free concentration, free cortisol
in the serum would be the most accurate stress marker. However, direct
measurements of free cortisol require very labor- and time-intensive
procedures, such as equilibrium dialysis or ultrafiltration (Perogamvros
et al.,, 2009). Indirectly, serum free cortisol can be calculated using
Coolen’s formula, which requires the additional measurement of CBG,
as we performed in this study (Bae and Kratzsch, 2015). It should be
noted that calculated serum free cortisol was previously found to un-
derestimate measured serum free cortisol in the context of ACTH sti-
mulation (Perogamvros et al., 2010). Salivary cortisol has been used
extensively as a surrogate marker for serum free cortisol. However,
salivary cortisol is rapidly converted to salivary cortisone by 113-HSD2
in salivary glands (Blair et al., 2017; Perogamvros et al., 2009). In
agreement with these findings, salivary cortisol was found to be lower
than serum free cortisol in our current study (Fig. 2) and even below the
limit of detection when serum cortisol was very low in a recent study
(Dennedy, 2018). Salivary cortisone showed high discriminatory power
approximately 10 min after the peak of salivary cortisol. This time lag
can be assumed to be due to the time required for the conversion from
cortisol to cortisone by 11(3-HSD2 (Bae et al., 2015). Our findings em-
phasize that consideration of the timing of sample collection is essential
to obtain meaningful and reproducible results in stress research. Our
comprehensive temporal profiling of the stress response allows for the
optimal selection of laboratory biomarkers in future stress research, in
line with ethical considerations and/or financial constraints. For studies
that want to capture both stress reactivity and stress recovery, we
suggest measuring salivary cortisone at least at following time points:

40

T1) 20-30min before the beginning of the stress intervention, T2)
immediately after the end of the stress intervention, T3) 10 min after
T2, T4) 20 min after T2, and T5) one hour after T2.

A limitation of our study was that we investigated the stress re-
sponse only in healthy young males. We excluded females due to the
influence of sex hormones which fluctuate with the menstrual cycle and
the influence of oral contraceptives on cortisol levels. The general-
izability of our results to other participant samples, such as females,
thus remains to be tested in further research. It should also be noted
that measurement conditions before and after the TSST could deviate
from sample collection in a TSST study design without MRI (which was
acquired for a different focus of the study; cf. Reinelt et al., in pre-
paration). However, factors such as supine position in the MRI, the MRI
noise, or the movement in and out of the scanner itself were closely
matched between stress and control group in our experimental setup.

In summary, our study with a laboratory stressor identified salivary
cortisone as a promising stress marker that showed a high dis-
criminatory power and significant associations with other (subjective
and autonomic) stress measures. This finding suggests the usability of
salivary cortisone in psychophysiological stress research in addition to
its potential diagnostic usage in clinical settings. Furthermore, our
finding emphasizes the importance of optimal timing of sample col-
lection for specific laboratory parameters, thus aiding study design in
future stress research.
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