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Background. Hypothalamic-pituitary-adrenal axis functioning, with cortisol as its major output hormone, has been pre-
sumed to play a key role in the development of psychopathology. Predicting affective disorders from diurnal cortisol
levels has been inconclusive, whereas the predictive value of stress-induced cortisol concentrations has not been studied
before. The aim of this study was to predict mental disorders over a 3-year follow-up from awakening and stress-induced
cortisol concentrations.

Method. Data were used from 561 TRAILS (TRacking Adolescents’ Individual Lives Survey) participants, a prospective co-
hort study of Dutch adolescents. Saliva samples were collected at awakening and half an hour later and during a social stress
test at age 16. Mental disorders were assessed 3 years later with the Composite International Diagnostic Interview (CIDI).

Results. A lower cortisol awakening response (CAR) marginally significantly predicted new disorders [odds ratio (OR)
0.77, p = 0.06]. A flat recovery slope predicted disorders with a first onset after the experimental session (OR 1.27, p = 0.04).
Recovery revealed smaller, non-significant ORs when predicting new onset affective or anxiety disorders, major depress-
ive disorder, or dependence disorders in three separate models, corrected for all other new onsets.

Conclusions. Our results suggest that delayed recovery and possibly reduced CAR are indicators of a more general risk
status and may be part of a common pathway to psychopathology. Delayed recovery suggests that individuals at risk for
mental disorders perceived the social stress test as less controllable and less predictable.
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Introduction

Functioning of the hypothalamic-pituitary-adrenal
(HPA) axis has frequently been associated with psy-
chopathology. Unfortunately, the prediction of mental
disorders from HPA axis functioning prospectively
has led to inconsistent results. There are many possible
reasons for these inconsistencies, including differences
between samples, differences between measures of
HPA axis functioning and the measurement of psycho-
pathology. The purpose of the present study is to
prospectively predict mental disorders with a first
onset between ages 16 and 19 years from HPA axis

functioning at age 16 in a large community-based
sample while focusing on various indices of HPA
axis functioning.

Studies investigating prospective associations be-
tween HPA axis functioning and mental disorders in
adolescents have mainly focused on various measures
of diurnal salivary cortisol and affective disorders. In
healthy individuals, cortisol concentrations vary over
the day (Kudielka et al. 2004; Fries et al. 2009), but
are relatively stable when assessed at the same time
during consecutive days (Hellhammer et al. 2007).
Diurnal HPA axis activity can be seen as a trait-like
characteristic (Laceulle et al. 2014). In various studies,
the onset of affective or anxiety disorders could be pre-
dicted by either higher peak morning cortisol con-
centrations (Goodyer et al. 2000a), or higher diurnal
cortisol concentrations (Harris et al. 2000; Goodyer
et al. 2009; Rao et al. 2009; Ellenbogen et al. 2011),
whereas no prospective association was reported in
other studies (Goodyer et al. 2000b, 2003).
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During the first half hour after awakening, there is a
steep rise in cortisol concentrations (Kudielka et al.
2004). This increase is called the cortisol awakening re-
sponse (CAR). The CAR seems a valuable addition to
measuring awakening cortisol, because awakening cor-
tisol and CAR represent different functions of the HPA
axis. Awakening cortisol represents stable individual
differences in HPA axis functioning (Hellhammer
et al. 2007; Kertes & van Dulmen, 2012; Laceulle et al.
2014), whereas CAR is hypothesized to represent an-
ticipation of the upcoming day (Fries et al. 2009; Law
et al. 2013). In a cohort of over 200 17-year-olds a
higher CAR predicted episodes of depressive and anxi-
ety disorders in the following years while correcting
for waking cortisol (Vrshek-Schallhorn et al. 2013;
Adam et al. 2014).

Although prospective associations with symptoms of,
for example, disruptive behaviours (Sondeijker et al.
2008) have been studied, we are not aware of any stu-
dies investigating the prospective association between
HPA axis functioning and externalizing disorders. This
is surprising, because both internalizing and externaliz-
ing disorders are stress-related in the broadest sense
(e.g. Kim et al. 2003; Timmermans et al. 2010). In other
words, there are likely causal pathways to a general psy-
chopathology dimension that expresses the tendency to
experience psychiatric problems (Lahey et al. 2011; Caspi
et al. 2014; Laceulle et al. 2015). Given this overlap in aeti-
ology, we expect HPA axis functioning to be a non-
specific predictor of psychopathology.

Cortisol increases as evoked by a social stress test is
an aspect of HPA axis functioning which has not pre-
viously been studied as a prospective predictor of men-
tal disorders. Social stress tests are an ecologically
valid way of inducing stress in human subjects
(Benschop et al. 1998; Dickerson & Kemeny, 2004).
The cortisol increase induced by the test is a frequently
used measure of HPA axis functioning (Allen et al.
2014). The main physiological function of cortisol is en-
ergy mobilization (Sapolsky et al. 2000), and can be
seen as an index of coping effort in demanding situa-
tions (Koolhaas, 2008). This is consistent with the
observation that social situations evoke cortisol
increases in the presence of social evaluation, but not
in the absence of social evaluation (Gruenewald et al.
2004), the latter being less demanding than the former.
In rats, cortisol increases in response to behaviours
which differed in perceived stress (winning v. losing
a fight, naive v. experienced swimming), were similar
in magnitude, whereas differences in cortisol recovery
differed (Scheurink et al. 1999; Koolhaas et al. 2011).
Thus, the recovery rate might make a better distinction
between a perceived stressor and a demanding activity
than the rate of activation. Translating these results
into the field of psychiatry, we hypothesize that

cortisol recovery, rather than cortisol increase, is a pre-
dictor of psychopathology.

Another aspect of HPA axis reactivity which
could be relevant for psychopathology, is anticipation.
‘AnticipatoryHPAaxis activity reflects and individual’s
arousal in expectation of an event’ with unknown con-
tent (Laceulle et al. 2014, p. 3). Anticipatory cortisol
concentrations appear to be associated with mental
health, although, to our knowledge, this measure has
not frequently been evaluated. Lower anticipatory cor-
tisol concentrations were associated with resilience in a
small study with healthy young males (Mikolajczak
et al. 2008), and higher anticipatory cortisol concentra-
tions seemed associated with psychopathology in
adults, although the authors did not report statistical
test results (Young et al. 2004). Rao et al. (2008) did
not find significant differences in anticipatory cortisol
concentrations in adolescents with and without major
depressive disorder. In the present study, we wish to
explore whether anticipatory cortisol prospectively
predicts the onset of mental disorders.

We used data from the TRacking Adolescents’
Individual Lives Survey (TRAILS). Previous investiga-
tions of the association between HPA axis functioning
and psychopathology in the TRAILS sample have
mainly focused on associations of awakening cortisol
and CAR with psychopathological symptoms in
specific outcome domains. This has not led to a consist-
ent picture (Rosmalen & Oldehinkel, 2011). A more re-
cent investigation in the TRAILS cohort suggests a
cross-sectional association between a higher CAR and
more symptoms of depression at age 11, but no associ-
ation with symptoms of anxiety or externalizing prob-
lems (Dietrich et al. 2013). At age 16, awakening
cortisol and CAR were reassessed in a subsample of
the TRAILS population, who also participated in a lab-
oratory session during which we assessed HPA axis re-
activity to a social stress test. At age 19 a diagnostic
interview was administered, which allowed us to
study prospective associations of HPA axis functioning
with mental disorders. Based on the literature dis-
cussed above we hypothesize that CAR, recovery and
possibly anticipation are stronger predictors of mental
disorders than awakening cortisol and activation dur-
ing the social stress test.

Method

Sample

Data from the third and the fourth wave of the TRAILS
were used. TRAILS is a representative, prospective co-
hort study of 2230 Dutch adolescents (De Winter et al.
2005; Nederhof et al. 2012). Briefly, the TRAILS target
sample involved 10- to 12-year-olds living in five

2404 E. Nederhof et al.

https://doi.org/10.1017/S0033291715000392 Published online by Cambridge University Press

https://doi.org/10.1017/S0033291715000392


municipalities in the North of The Netherlands, includ-
ing both urban and rural areas. Of the 135 primary
schools within the municipalities, 122 agreed to partici-
pate in the study, i.e. 90.4% of the schools accommo-
dating 90.3% of the children. School participation
was a prerequisite for eligible children and their par-
ents to be approached by the TRAILS staff. Of all chil-
dren approached for enrolment in the study, 6.7% were
excluded because of disability or language problems. Of
the remaining 2935 children, 76.0% (n = 2230; 50.8%
girls, 49.2% boys; mean age = 11.1 years, S.D. = 0.55) were
enrolled in the study. Response rates at the third
and fourth waves were 81.4% (n = 1838; 52.0% girls,
48.0% boys; mean age = 16.1 years, S.D. = 0.59), and
83.4% (n = 1881; 52.3% girls, 47.7% boys; mean age =
19.1 years, S.D. = 0.60). All assessments during all waves
were approved by the Central Committee on Research
Involving Human subjects (CCMO).

Experimental session

At the third measurement wave, a focus sample of 744
adolescentswere invited to performa series of laboratory
tasks (hereafter referred toas the experimental session)on
top of the usual assessments. Of these adolescents, 715
(96.1%) agreed to do so. Adolescents with one or more
risk factors for mental health problems had a greater
chance of being selected for the experimental session.
The risk factors were defined based on temperament
(high frustration and fearfulness, low effortful control),
lifetime parental psychopathology, and living in a single-
parent family. In total, 66.0% of the focus sample had at
least one of the above-described risk factors; the remain-
ing 34.0% were selected randomly from the low-risk
TRAILS participants.

During the experimental session, participants’ HPA
axis responses to a social stress task were measured.
The experimental sessions took place on weekdays,
lasted about 3 h and 15 min, and started between
08:00 and 09:30 hours (morning sessions, 49%) or be-
tween 01:00 and 02:30 hours (afternoon sessions,
51%). Although free salivary cortisol levels may be
higher in the morning due to the circadian rhythm of
cortisol production, morning and afternoon cortisol
responses to social stress were comparable (Bouma
et al. 2009), which is in line with other reports
(Kudielka et al. 2004). The participants were asked to
collect two morning saliva samples in tubes on the
day of the experimental session, one directly after wak-
ing up (Cm1) (mean time of awakening = 07:39 hours,
S.D. = 1:10) and one 30 min later (Cm2). They were
instructed not to eat, brush their teeth, or engage in
heavy exercise during this half hour, and to bring the
tubes with them to the test location. In addition, we
asked participants to refrain from smoking and from

using coffee, milk, chocolate, and other sugar-
containing foods in the 2 h before the session. At the
start of the session, the test assistant, blind to the par-
ticipants’ risk status, explained the procedure and
administered a short checklist on current medication
use (including oral contraceptives), and adherence to
the smoking and food restrictions. The first cortisol
sample (Ce1) was taken about 1 h after the start of
the session. The social stress test was the last challenge
of the experimental session, after which the partici-
pants were debriefed.

Social stress test

HPA axis reactivity was assessed in response to the
Groningen Social Stress Task (GSST; Bouma et al.
2009), a standardized protocol inspired by the Trier
Social Stress Task (Kirschbaum et al. 1993) for the in-
duction of moderate performance-related social stress.
The GSST elicits significant changes in heart rate and
cortisol (Benschop et al. 1998). Participants were
instructed, without prior warning, to prepare a 6-min
speech about themselves and their lives and deliver
this speech in front of a video camera. They were
told that their videotaped performance would be
judged on content of speech as well as on use of
voice and posture, and rank-ordered by a panel of
peers after the experiment. Participants had to speak
continuously for the whole 6-min period. The test as-
sistant watched the performance critically, without
showing empathy or encouragement. After 6 min of
speech, the participants were told that there was a
problem with the computer and they had to sit still
and be quiet. After this interlude, participants were
instructed to subtract 17 repeatedly, starting with 13
278. After 6 min of mental arithmetic, participants
had to wait without speaking for 3 min.

Four cortisol samples were taken around the GSST,
referred to as Ce2, Ce3, Ce4, and Ce5. Ce2 was taken
just before the start of the GSST. There is a delay of
approximately 20 min between the production of cor-
tisol by the adrenal glands and the detectability of rep-
resentative levels of cortisol in saliva. Ce2 hence
reflected pre-test HPA axis activity, when the partici-
pants completed a rating scale. Ce3 was collected di-
rectly after the end of the GSST and reflected HPA
axis activity during speech. Ce4 was collected 20 min
after the end of the GSST and reflected HPA axis ac-
tivity during mental arithmetic. Ce5 was collected 40
min after the end of the GSST and reflected post-stress
activity of the HPA axis.

Cortisol analysis

Salivary cortisol was assessed by the Salivette sam-
pling device (Sarstedt, Germany) containing a small
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swab in a plastic tube on which the participants had to
chew for 60 s, until the swab was soaked with saliva.
This manner of collecting cortisol is relatively stress-
free compared to collection by venepuncture and
correlations between saliva cortisol levels and serum
cortisol concentrations are high (Kirschbaum &
Hellhammer, 1994). After the experimental session, the
samples were placed in a refrigerator at 4 °C, and within
4 days brought to the laboratory of the University
Medical Center in Groningen, where they were stored
at −20 °C until analysis. The intra-assay coefficient of
variations were 8.2% for concentrations of 1.5 nmol/
ml, 4.1% for concentrations of 15 nmol/ml, and 5.4%
for concentrations of 30 nmol/ml. The inter-assay
coefficients of variation were, respectively, 12.6%,
5.6%, and 6.0%. The detection border was 0.9 nmol/ml.

HPA axis functioning

Cortisol response variables were computed from the
response to awakening and the social stress task.
Measures of HPA axis functioning included both
morning cortisol and responses to a social stress test.
Awakening cortisol was operationalized as cortisol
concentration at waking-up (Cm1). The CAR was
operationalized as the increase in cortisol in the 30
min after waking-up (Cm2−Cm1). Anticipatory HPA
axis activity was operationalized as the first cortisol
sample (Ce1) taken at the start of the experimental ses-
sion, approximately 1 h before the start of the GSST.
Awakening cortisol, CAR, and anticipation were stan-
dardized using z scores. Cortisol increase by the GSST
was computed by regressing cortisol concentrations
during the task (Ce3) on cortisol levels before the task
(Ce2) and saving the standardized residuals. Positive
scores represent relatively highHPA axis activation com-
pared to other participants. Cortisol recovery was com-
puted by regressing cortisol concentrations measured
40 min after the task (Ce5) on cortisol concentrations dur-
ing the task (Ce3) and saving the standardized residuals.
Positive scores represent a flat recovery slope compared
to other participants.

Mental disorders

Thepresenceofmentaldisorderswasassessedduring the
fourth assessment wave, by means of the World Health
Organization Composite International Diagnostic
Interview (WHO CIDI), version 3.0 (Kessler & Ustun,
2004). The WHO CIDI is a structured diagnostic inter-
view which yields lifetime diagnoses and age of first
onset of each diagnosis according to the definitions and
criteria of the Diagnostic and Statistical Manual of
Mental Disorders (DSM-IV; APA, 2000). The following
disorders were included in the present study: adult
separation anxiety disorder, agoraphobia, alcohol

dependence, bipolar I disorder, bipolar II disorder,
bulimia, conduct disorder, drugdependence, dysthymia,
generalized anxiety disorder, major depressive disorder,
neurasthenia, obsessive compulsive disorder, opposi-
tional defiant disorder, pathological gambling, separ-
ation anxiety disorder, social phobia and specific
phobia. The CIDI has been used in a large number of
surveys worldwide, and been shown to have good
concordance with clinical diagnoses (Haro et al. 2006;
Kessler et al. 2009). All TRAILS T4 respondents were
invited for the diagnostic interview, 84.2% (n = 1584)
agreed to attend. Participants were categorized as hav-
ing no v. at least one first onset during the 3-year
follow-up.

For the purpose of additional analyses we also created
three variables containing first onsets of narrower dis-
order categories. Because above-cited evidence for the as-
sociation between HPA axis functioning and mental
disorders was predominantly from the domain of affect-
ive/anxiety disorderswe created a variable containing all
affective andanxiety disorders (i.e. adult separation anxi-
ety disorder, agoraphobia, bipolar I disorder, bipolar II
disorder, dysthymia, generalized anxiety disorder,
major depressive disorder, separation anxiety disorder,
social phobia, and specific phobia). Additionally, we
created a variable for major depressive disorder and a
variable containing dependence disorders (i.e. alcohol
dependence, drug dependence, and pathological gam-
bling). Major depressive disorder and dependence
disorders were chosen, because these were the disorder
categories with the highest percentage of first onsets dur-
ing follow-up (5.5% for major depressive disorder, 5.5%
for dependence disorders, against 2.8% for neurasthenia
and 2.7% for anxiety disorders, all other disorders had
less than 2% first onsets during follow-up).

Covariates

Several covariates were included in our study because
they were potentially associated with either HPA axis
functioning and/or psychopathology: sex, habitual
smoking, being overweight, socioeconomic status, edu-
cational level, ancestry, start-time of the session and
history of psychopathology. In a questionnaire com-
pleted at school, about 3 months before the experimen-
tal session, smoking behaviour and educational level
were assessed. We distinguished non-smokers and
habitual smokers (i.e. at least 1 cigarette a day).
Educational-level was established by means of the
so-called educational ladder, incorporating both prog-
ress in and the level of education, a scale ranging from
2 to 10 at the third wave (Nederhof et al. 2012). Height
and weight were measured at the start of the exper-
imental session. We distinguished between nor-
mal and overweight based on these measures in
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combination with sex and age (Cole et al. 2000).
Ancestry (bothparentsborn inTheNetherlandsv.others)
and socioeconomic position were assessed during the
first wave. Socioeconomic position included information
about the household income, educational and occu-
pational levels of mother and father (De Winter et al.
2005). The occurrence of a disorder with an onset before
the experimental session was derived from the CIDI.

Statistical analyses

Seven-hundred and fifteen adolescents participated in
the experimental session. We excluded 126 girls using
oral contraceptives (Bouma et al. 2009), six participants
using corticosteroid-containing medicine or SSRIs, and
22 participants who used a painkiller or who smoked
before the experimental session. Missing data in morn-
ing cortisol (n = 99), experimental session cortisol
(n = 32) and CIDI data (n = 66) were imputed using
multiple imputation (Donders et al. 2006). Twenty data-
sets were generated using Imputation and Variance
Estimation Software (IVEware; Raghunathan et al.
2002). Regression coefficients and standard errors (S.E.s)
were pooled using Rubin’s method for multiple impu-
tation inference in PROC MIANALYZE (Barnard & Rubin,
1999). Data of 561 participants were analysed.

We compared participants with and without a new
onset disorder after the experimental session using χ2

tests for dichotomous covariates and independent-
samples t tests for continuous covariates. The primary
analysis consisted of a logistic regression analysis with-
out covariates with awakening cortisol, CAR, antici-
pation, activation, and recovery as predictors of
mental disorders with a first onset during the 3-year
follow up. Our secondary analysis included sex, habit-
ual smoking, overweight, socioeconomic status, edu-
cational level, ancestry, start time of the session and
history of psychopathology as covariates.

Then, analyses were performed to check robustness
of the findings from our primary analyses. First, we
performed secondary analyses on affective/anxiety dis-
orders while correcting for all other disorders. Then,
secondary analyses were performed on major depress-
ive disorder and on dependence disorders, while cor-
recting for all other disorders. As a robustness check,
we performed an additional analysis excluding all par-
ticipants with a past disorder, thus uniquely predicting
onsets of first disorders. We also performed a complete
case analysis to investigate if our multiple imputations
procedure might have affected our results.

Ethical standards

The authors assert that all procedures contributing to
this work comply with the ethical standards of the

relevant national and institutional committees on
human experimentation and with the Helsinki
Declaration of 1975, as revised in 2008.

Results

Correlations between unimputed cortisol measures can
be found in Table 1. Pooled estimates showed that 125
participants had a mental disorder with an onset after
the experimental session, 63 participants had a new
onset affective or anxiety disorder, of whom 42 had a
major depressive disorder, 40 participants had a new
onset dependence disorder. There were no meaningful
differences in sociodemographic variables between
cases and non-cases (Table 2).

A flat recovery slope predicted disorders with a first
onset after the experimental session (Table 3; Fig. 1). A
lower CAR marginally significantly predicted new dis-
orders. Including sex, regular smoking, overweight,
ancestry, socioeconomic status, educational level, age,
start time of the experimental session, and earlier diag-
noses as covariates did not alter these results (Table 3).
Interactions with sex were not significant (all p > 0.18).

Recovery revealed smaller, non-significant odds
ratios (ORs) when predicting new onset affective or
anxiety disorders, corrected for all other new onsets,
thus predicting the unique association between HPA
axis functioning and affective or anxiety disorders
[OR 1.05, 95% confidence interval (CI) 0.97–1.19]. The
same was seen when predicting major depressive dis-
orders (OR 1.05, 95% CI 0.91–1.26) or, in a separate
model, dependence disorders (OR 1.08, 95% CI 0.91–
1.35) from the various indices of HPA axis functioning
corrected for all other disorders. ORs for CAR were
also not significant when predicting the narrower dis-
order categories corrected for all other disorders (major
depression: OR 0.89, 95% CI 0.74–1.09; dependence:
OR 0.72, 95% CI 0.54–1.11), except when predicting af-
fective/anxiety disorders (OR 0.88, 95% CI 0.78–0.95).

Results of our robustness check excluding partici-
pants with a past disorder were similar to our
main analysis. Recovery significantly predicted first

Table 1. Correlations among cortisol measures

Awakening CAR Anticipation Activation Recovery

Awakening
CAR −0.295**
Anticipation 0.052 0.062
Activation 0.028 0.089 0.031
Recovery 0.092 0.076 0.105* −0.058

CAR, Cortisol awakening response.
*p < 0.05, **p < 0.01.
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disorders (OR 1.38; 95% CI 1.06–1.79, p < 0.05), CAR
marginally significantly predicted first disorders (OR
0.71, 95% CI 0.48–1.03, p = 0.07), whereas the other
indicators of HPA axis functioning did not predict
first disorders. Moreover, complete case analysis
yielded similar findings.

Discussion

This is the first study in which HPA axis functioning
during a social stress test was used to predict mental
disorders prospectively. Results showed that a flatter
recovery after social stress significantly predicted dis-
orders with a first onset in the 3 years following assess-
ment of HPA axis functioning. The effect was smaller
and not significant in models including either affect-
ive/anxiety disorders, major depression or dependence

disorders, each corrected for all other disorders, poss-
ibly indicating that the significant prediction of mental
disorders in general, or general psychopathology, as
Caspi et al. (2014) recently labelled it, by cortisol recov-
ery after social stress cannot be fully attributed to a sin-
gle category of disorders. This suggests that cortisol
recovery is an indicator of a more general risk status
as opposed to domain-specific risk.

In addition to a statistically significant effect of cor-
tisol recovery, CAR reached marginal significance. A
lower CAR predicted mental disorders with a first
onset in the 3 years after the experimental session.
This finding is not in line with results from another
prospective study in adolescents, where a higher CAR
predicted the onset and recurrence of depressive and
anxiety disorders during follow-up (Adam et al. 2010,
2014; Vrshek-Schallhorn et al. 2013). The difference

Table 2. Associations with mental disorders with an onset after the experimental session (age 16)

New mental disorder

No (n = 436) Yes (n = 125)
% % p

Male sex 61.1 59.5 0.60
Regular smoker 22.0 29.5 0.32
Overweight 14.9 9.5 0.21
Non-Dutch ancestry 9.6 12.9 0.32
Earlier disorder 34.2 49.1 0.17

Mean (S.E.) Mean (S.E.)
Socioeconomic position (z score) 0.15 (0.05) 0.01 (0.11) 0.34
Educational level at experimental
session (z score)

0.15 (0.07) −0.06 (0.15) 0.31

Start time of the experiment (z score) 0.01 (0.05) −0.06 (0.11) 0.57
Age at experimental session, years 16.1 (0.03) 15.9 (0.07) 0.03
Age at diagnostic interview, years 19.1 (0.03) 19.1 (0.06) 0.47

Statistics are based on χ2 tests for dichotomous variables and on independent-samples t tests for continuous variables.

Table 3. Results of logistic regression analyses predicting new disorders from indicators of HPA axis functioning (n = 561)

Unadjusted model Adjusted model

OR 95% CI p OR 95% CI P

Awakening cortisol 0.94 0.72–1.22 0.625 0.92 0.69–1.21 0.537
CAR 0.77 0.59–1.00 0.052 0.77 0.58–1.01 0.062
Anticipation 1.16 0.92–1.44 0.205 1.19 0.95–1.48 0.129
Activation 1.03 0.83–1.28 0.771 1.06 0.82–1.38 0.639
Recovery 1.22 1.00–1.49 0.049 1.27 1.01–1.58 0.037

OR, Odds ratio; CI, confidence interval; CAR, cortisol awakening response.
All cortisol variables are standardized. Covariates in the adjusted model: sex, regular smoking, overweight, ancestry,

socioeconomic status, educational level, age, start time of the experimental session, and earlier diagnoses.
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between our study and Adam’s studies is the time at
which post-awakening cortisol was measured. Adam
and colleagues took the second measurement 40 min
after awakening, which is 10 min later than our 30
min after awakening. Perhaps, their measure captured
a prolonged recovery, which might be more similar
to our recovery from the social stress test than to
our CAR.

Cortisol recovery after the social stress test showed a
prospective association with mental disorders. A flatter
recovery predicted new onsets. Results from animal
studies suggest that steepness of cortisol recovery
gives information about perceived controllability and
predictability of the stimulus that elicited a cortisol in-
crease (Koolhaas et al. 2011). This suggests that indivi-
duals at risk for mental disorders perceived the social
stress test as less controllable and less predictable.
Individuals who experience social situations as less
controllable and less predictable could be speculated
to be at higher risk for psychopathology through pro-
longed high cortisol concentrations after such situa-
tions. Indeed, prolonged high cortisol concentrations
were found in depressed individuals compared to con-
trols in a cross-sectional study (Rao et al. 2008). The
question of what caused these prolonged high cortisol
concentrations is not answered in these studies. Future
studies should unravel whether this is heritable, due to
environmental exposure or both.

In this study, prolonged recovery was a predictor
of general psychopathology rather than a disorder-
specific predictor. If future studies were to reveal a
major contribution of environmental exposures to cor-
tisol recovery, this would support the idea that stress
predisposes to general psychopathology rather than
to any disorder specifically (Caspi et al. 2014). On the
other hand, if future research were to reveal that cor-
tisol recovery is heritable, this would support the
idea that most genetic factors are generic risk factors
rather than disorder specific (Lahey et al. 2011). Thus,
cortisol recovery is an interesting biomarker for
inclusion in future research.

Our results did not suggest a major contribution of
awakening cortisol, anticipatory cortisol, or cortisol in-
crease by the social stress test. Several lines of research
suggest that an altered cortisol increase is a conse-
quence rather than a predictor of mental disorders
with findings pointing in the direction of increased ac-
tivation in moderate, and blunted responses in severe,
chronic cases. For example, in TRAILS, adolescents
with a short history of depressive symptoms (less
than 2.5 years) had an increased activation in response
to a social stress test, whereas adolescents with a long
history of depressive symptoms (i.e. at least 5 years)
had blunted activation (Booij et al. 2013). Another
example is that athletes suffering from overtraining
syndrome, by definition a chronic disorder, which is

Fig. 1. Cortisol concentrations for participants with and without a new onset mental disorder in the 3 years after cortisol
assessment at age 16. Cortisol was assessed at awakening, at 30 min after awakening (awakening +30), during the first hour of
the experimental session (pre-experiment), during the second hour of the experimental session (pre-test), immediately after the
social stress test (stress), 20 min after the social stress test (post-stress), and 40 min after the social stress test (post-test +20).
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characterized by underperformance and fatigue and
shows major symptomatic and possibly aetiological
overlap with psychiatric disorders (Nederhof et al.
2006), have a blunted HPA axis activation in response
to exercise, whereas athletes suffering from a less
severe form showed increased activation (Meeusen
et al. 2010).

We showed with data from 561 adolescents that a
flatter recovery after a social stress test at age 16 pre-
dicts the onset of new mental disorders during a
3-year follow-up. Participants with one or more
known risk-factors for psychopathology were over-
sampled, because we know that attrition is higher in
these participants (De Winter et al. 2005; Nederhof
et al. 2012), thus increasing the generalizability of our
results. A limitation of our study is the exclusion of
girls using oral contraceptives. These girls did not
show any response to the social stress test in addition
to a significantly lower CAR (Bouma et al. 2009). It is
most likely that this unresponsiveness is directly re-
lated to oral contraceptive use, instead of being a pre-
cursor of mental disorders. Treating oral contraceptive
use as a confounder would not have been sufficient for
several reasons. First, including cortisol data unrelated
to mental disorders distorts the multiple imputations
procedure. Second, oral contraceptive use would
need to be included as a moderator of the association
between HPA axis functioning and mental disorders,
which would have led to decreased power and results
that would be difficult to interpret. Therefore, exclud-
ing these girls from our analyses seemed most
appropriate.

In sum, this was the first study to show that recovery
of the HPA axis might be part of a common pathway to
psychopathology, not excluding the possibility that
other aspects of HPA axis functioning can be
disorder-specific.
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