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Experts in the fi eld share the opinion that functioning of the hypothalamic-pitui-
tary-adrenal (HPA) axis, the major neuroendocrine stress system of the human body, 
plays a pivotal role in the pathophysiology of depression. In the literature, many 
statements like the following can be found: “The HPA axis is considered to be the 
‘fi nal common pathway’ for a major part of the depressive symptomatology” (Bao, 
Meynen, & Swaab, 2008, p. 535). “… elevation of adrenocortical stress hormones has 
been recognized as a depression-associated feature for decades” (Holsboer & Ising, 
2010, p. 90). “There is little doubt that cortisol plays a central role in the onset and 
course of major depression disorder (MDD)…” (Herbert, 2013, p. 449). However, 
there is great uncertainty over exactly what that role may be (Herbert, 2013). This un-
certainty is illustrated by the overall inconsistent literature regarding the relationship 
between indices of HPA axis functioning and depression across observational studies 
in humans (e.g. Burke, Davis, Otte, & Mohr, 2005; Stetler & Miller, 2011). 

In the fi rst part of this thesis, I will seek explanations for some of these inconsistent 
fi ndings and shed new light on the role of HPA axis functioning in depression. I will 
do so by focusing on the dynamics of HPA axis functioning in depression, which has 
been a rather unexplored topic so far (e.g. Peeters, Nicolson, & Berkhof, 2004). I 
combine prospective group studies over several years with intensive sampling strate-
gies in individuals in daily life. This allows for the examination of long-term changes 
at the group level and daily life dynamics within individuals.

Physical activity is a potent activator and modulator of the HPA axis (e.g. aan het 
Rot, Collins, & Fitterling, 2009; Hackney, 2006). Interestingly, this form of physical 
‘stress’ seems to have a positive infl uence on mood states and depressive symptoms 
(e.g. Kanning, Ebner-Priemer, & Schlicht, 2013; Rimer et al., 2012). In the second 
part of this thesis, I will explore whether physical activity reduces depressive symp-
toms via long-term changes in HPA axis functioning and daily life fl uctuations in cor-
tisol. This may increase insight in the role of the HPA axis in depression, and provide 
clues to optimize the antidepressant effect of physical activity.

PART 1: THE TEMPORAL DYNAMICS OF HPA AXIS FUNCTIONING IN 
DEPRESSION

A role for the HPA axis in depression?
Depression is a common psychiatric disorder, with an often chronic or recurrent 
course and far-reaching consequences for individuals’ quality of life and future op-
portunities (Meyer-Lindenberg & Weinberger, 2006). Core symptoms are depressed 
mood and anhedonia (i.e., loss of interest or pleasure), of which at least one should 
be present. Various other symptoms can occur, whereof several should be present to 
qualify for Major Depressive Disorder (MDD) according to the DSM-IV. Symptoms 
should be present for at least two weeks. 
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Depressive episodes are often preceded by acute or chronic psychosocial stress, par-
ticularly the fi rst episode (Kendler, Thornton, & Gardner, 2000). Psychosocial stress 
is a potent activator of the hypothalamic-pituitary-adrenal (HPA) axis (Mason, 1968). 
The HPA axis is a vital system that helps the body adapt to stressful situations by mo-
bilizing energy resources and inhibiting non-emergency processes such as reproduc-
tion (Chrousos, 2009). Upon a stressful stimulus, the neurons in the paraventricular 
nucleus of the hypothalamus release corticotropin-releasing hormone and vasopressin, 
which migrate to the pituitary portal system. There they promote the synthesis and 
excretion of adrenocorticotropin hormone into the bloodstream. Once arrived at the 
adrenal cortex, this hormone stimulates the release of cortisol. As the fi nal effector of 
the HPA axis, cortisol acts on many target organs in the periphery, but it also functions 
as a negative-feedback signal at several levels of the HPA axis (Figure 1) (De Kloet, 
Joëls, & Holsboer, 2005). Furthermore, cortisol acts on several limbic structures im-
plicated in emotional processing, of which some also activate or inhibit the HPA axis 
(Gold, Drevets, & Charney, 2002; J. LeDoux, 2003).

Figure 1 Schematic representation of the release of cortisol upon activation of the HPA axis, 
and cortisol’s targets in the central nervous system. ACTH = Adrenocorticotropin hormone, 
CRH = Corticotropin-releasing hormone, VP = Vasopressin. Striped lines with pointy arrows 
and dotted lines with oval arrows indicate activating and suppressing infl uences on the secre-
tion of cortisol, respectively. Continous lines represent connections between the hypothalamus 
and other brain areas. 



Chapter 1

12

The fi nding that psychosocial stress activates the HPA axis has led to a series of 
studies on HPA axis functioning in hospitalized depressed patients (Mason, 1968). 
In the early 1960’s the fi rst articles appeared that reported HPA axis alterations in 
depressed patients, such as resistance to the suppressive effects of dexamethasone 
on plasma cortisol levels, and altered diurnal cortisol rhythms (e.g. Butler & Besser, 
1968; Carroll, Martin, & Davies, 1968; Sachar, Hellman, Fukushima, & Gallagher, 
1970). Two other alterations which were found are still the subject of many studies to 
date: increased HPA axis activation and decreased HPA axis reactivity to stress (Burke 
et al., 2005; Stetler & Miller, 2011). A recent meta-analysis of 40 years into HPA axis 
activation in depression concluded that, overall, there was a tendency for increased 
cortisol levels in depressed groups. However, it was also noted that the results varied 
considerably across studies, with some studies even showing opposite results (Stetler 
& Miller 2011). In a meta-analysis on HPA axis reactivity to stress it was concluded 
that, overall, there seems to be a tendency towards reduced instead of increased HPA 
axis reactivity to psychosocial stress in depressed groups, but results also varied con-
siderably across studies (Burke et al., 2005). 

HPA axis (re)activity in depression: potential sources of inconsistencies 
The inconsistencies in the literature may at least in part be the result of some limita-
tions of these studies. Most studies into the relationship between HPA functioning and 
depression to date used only one or a few samples of cortisol per participant (Stetler 
& Miller, 2011). However, cortisol fl uctuates strongly in daily life and is infl uenced 
by time-varying factors, such as circadian and ultradian rhythm, stressful events, 
physical activity and food intake (e.g. Gibson et al., 1999; Kudielka, Hellhammer, & 
Wust, 2009; Lightman & Conway-Campbell, 2010). When within-subject variability 
(i.e. a person’s variation over time in a variable, see Figure 2) is not adequately dealt 
with, the estimation of between-individual variation is hampered (Hruschka, Kohrt, 
& Worthman, 2005). Hruschka et al. (2005) nicely illustrated that many measure-
ments are often necessary for assessing between-individual variation in cortisol with 
adequate power. This notion also holds for the assessment of subgroups of depressed 
individuals, for example, individuals with different types of depression (e.g. Gold & 
Chrousos, 2002; Lamers et al., 2012).

The lack of repeated assessments over longer time periods in most of the studies is 
another potential source of inconsistencies. There is some evidence that the relation-
ship between depression and HPA activity is dynamic. For example, the relationship 
between psychosocial stress and the onset of a depressive episode weakens with every 
subsequent episode, likely due to sensitization to stress (Kendler, Thornton, & Gard-
ner, 2001; Kendler et al., 2000; Morris, Ciesla, & Garber, 2010; Post, 1992). Also, 
brain structures which are tightly connected to the hypothalamus, such as the hip-
pocampus, seem to decrease in volume with progression of depression (Frodl et al., 
2008; Lorenzetti, Allen, Fornito, & Yücel, 2009). Long-term changes in reactivity of 
the HPA axis to stress may therefore occur with progression of depression as well.
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Figure 2 Cattell’s data box. For each individual, multiple variables can be measured over time. 
Observational studies often make use of a 2-dimensional slice of the data cube. Namely, they 
measure several variables in multiple individuals, but only once in time.

Cortisol dynamics in daily life: a link between experiences and emotions
In the previous section, I addressed limitations of studies assessing the relationship 
between HPA axis (re)activity and depression. Related to this is a more general point 
that cross-sectional studies cannot say anything about mechanistic processes. For 
example, if a cross-sectional study shows that cortisol levels are positively related to 
depression, this does not necessarily mean that more cortisol leads to more depres-
sion within individuals. Only under very strict circumstances can results based on 
between-individual variation be translated to the within-individual level, and these 
circumstances are hardly ever met (Molenaar & Campbell, 2009). Hence, for studying 
the etiology of depression, longitudinal studies are required. 

Over the past years, evidence has accumulated suggesting that depression is the result 
of a dynamic interplay between ‘micro-level’ daily life experiences and behavior over 
time (Wichers, 2014). Daily life experiences may trigger cortisol release. Cortisol 
acts on various brain areas within hours after being released, including limbic areas 
and the prefrontal cortex, which are implicated in cognitive and emotional processing 
(Figure 1). Besides regulating its own release via these areas, it modulates functioning 
of these areas in other ways. For example, it enhances the amygdala’s preferential 
processing of negative over positive emotional stimuli (e.g. Henckens, van Wingen, 
Joels, & Fernandez, 2010). Cortisol could therefore be a crucial link between daily 
life experiences and emotions, and the accompanied emotion-driven behaviors. Stud-
ying cortisol in relation to these emotions in daily life may further contribute to the 
understanding of the role of HPA axis functioning in depression.
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A number of studies have examined cortisol in daily life in relation to momentary 
affective states (for a discussion about the similarities and differences between mood, 
emotions and affect, see Box 1), by means of an experience sampling method (ESM) 
(e.g. Peeters, Nicholson, & Berkhof, 2003; van Eck, Berkhof, Nicolson, & Sulon, 
1996). Besides having high ecological validity, ESM has the added benefi t that the 
small time interval between measurements reduces recall bias (de Vries & Csiksz-
entmihalyi, 2006; Telford, McCarthy-Jones, Corcoran, & Rowse, 2012). In a study 
of Peeters et al. (2003), a differential relationship was found between cortisol and 
affective states in depressed versus non-depressed groups, namely a positive associa-
tion in the non-depressed group, and no association in the depressed group. However, 
because of the group-based approach, it is not known whether this is generally true 
for depressed individuals, or only for some; group-based longitudinal studies aggre-
gate individual regression terms and the same regression model is imposed on all 
subjects rather than modeling the dynamic relationship for each subject individually. 
Hence, meaningful individual differences in this relationship may have gone unno-
ticed. Moreover, the nature of the design and analytical methods that were used in this 
study did not allow statistical inference about the direction of the relationship. Finally, 
it is not clear whether, in the specifi c analyses, the between-individual variation was 
adequately separated from the within-individual variation. Hence, the exact nature of 
the temporal relationship between cortisol and affective states in daily life remains to 
be discerned.

Recently, techniques for the analysis of time-series data have become available in 
the fi eld of psychology. These techniques are suitable for explaining variance within 
single individuals instead of variance in the population. Moreover, with suffi cient data 
points (T>60), time-lagged associations between variables as well as the temporal 
ordering of the effects can be assessed at the level of the individual (Brandt & Wil-
liams, 2007). Because individuals are examined one by one, processes can be studied 
at the within-subject level and individual differences that would be obscured in group 
designs can be revealed (Rosmalen, Wenting, Roest, de Jonge, & Bos, 2012). In this 
thesis, I applied a time-series approach to study the temporal dynamics between corti-
sol and affect.
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BOX 1 AFFECTIVE PHENOMENA

Affect is not necessarily the same as emotion, but draws many similarities. In the current 
literature, two different defi nitions of affect are present. The fi rst is that ‘affect is a neuro-
physiological state consciously accessible as a simple primitive non-refl ective feeling most 
evident in mood and emotion but always available to consciousness” (LeDoux, Barrett, & 
Russell, 2014; Russell, 2009). According to this defi nition, affect is a key element of mood 
and emotions (i.e. “core affect”; Figure A, left). In standard text books, however, affect is 
often defi ned as an umbrella term for affective phenomena, such as emotions and moods (e.g. 
Totterdell & Niven, 2014) (Figure A, right). Where emotions are often intense feelings that 
are usually directed at something or someone and last shortly, moods are longer lasting and 
more diffuse,  and  unlike  emotions they  are typically  not  directed  at  any  specifi c  event 
(Totterdell & Niven, 2014; Wilhelm & Schoebi, 2007).  
  
Although the two defi nitions of affect have quite different meanings, in practice they appear 
not to be that different, because many complex affective phenomena are highly correlated to 
core affect (Yik, Russell, & Steiger, 2011). Most studies using “momentary affect” include 
more complex affective phenomena in their item list which are specifi cally relevant to de-
pression, such as feeling guilty or hopeless. In this thesis, I mostly used core affect items, but 
also included some more complex affective phenomena. These items were averaged to form 
a positive and negative affect scale (Bylsma, Taylor-Clift, & Rottenberg, 2011). Furthermore, 
because we assessed momentary affective states, we probably captured a mixture of  emo-
tions and moods and other affective phenomena that are present in an individual that moment 
(Figure B).
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PART 2: HPA AXIS FUNCTIONING AS A MEDIATOR OF THE RELATION-
SHIP BETWEEN PHYSICAL ACTIVITY AND DEPRESSION

The antidepressant effect of physical activity: a role for the HPA axis?
Given the presumed role of the HPA axis in the onset or progression of depression 
(e.g. Bao et al., 2008; Herbert, 2013; Holsboer & Ising, 2010), some of the existing 
interventions against depression may exert their effect (at least partly) via the HPA 
axis. Studying the role of HPA axis functioning in relation to candidate interventions 
(i.e. those that are known to affect HPA axis functioning) may 1) provide knowledge 
that may be used to further optimize the treatment in terms of effectiveness, 2) aid in 
determining the general role of the HPA axis in the pathophysiology of depression.  
One intervention against depression of particular interest is physical activity. Me-
ta-analyses suggest that physical activity interventions of several weeks are effective 
in reducing depression, although some caution is required because methodological 
robust studies show smaller effects (Rimer et al., 2012). There is some evidence for 
short-term effects as well: physical activity seems to improve affective states within 
the context of daily life (Kanning et al., 2013), which may subsequently prevent or 
ameliorate depressed mood (e.g. Geschwind et al., 2011; Wichers et al., 2010). Be-
sides its positive effects on depressive symptomatology, it has few side effects and the 
costs are low (Daley, 2008).

Physical activity is a potent activator and modulator of the HPA axis (e.g. Hackney, 
2006). Physical activity induces an acute cortisol response. However, physical activity 
training results in reduced cortisol responses in the long run, not only to physical 
activity, but to psychosocial stress as well (Rimmele et al., 2007). Furthermore, subtle 
fl uctuations in cortisol may play a role in the effect of physical activity on affec-
tive states in daily life. In rats, running during or shortly after exposure to a stressor 
reduced stressor-induced cortisol secretion (Starzec, Berger, & Hesse, 1983). In turn, 
this reduction in cortisol may alter functioning of emotional circuits in the brain and, 
hence, infl uence affective states (Salmon, 2001; Sarabdjitsingh et al., 2010). In this 
thesis, I assessed whether and how the HPA axis mediates the relationship between 
physical activity and depression. 

OUTLINE OF THE DISSERTATION

In this thesis, I combined prospective group studies over several years with inten-
sive sampling in daily life of depressed and non-depressed individuals. Prospective 
group studies were conducted in the Tracking Adolescents’ Individual Lives Survey 
(TRAILS) cohort, and intensive sampling studies in daily life were conducted in the 
Mood and Movement in Daily life (MOOVD) sample (see Box 2 for details about 
these study samples). In the fi rst part of this thesis, I used these data to make inferenc-
es about the dynamics of HPA axis functioning in depression, and individual differ-
ences therein. In the second part of this thesis, I assessed whether and how HPA axis 
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functioning mediates the relationship between physical activity and depression over 
several years, and from moment to moment.

I examined potential explanations for some of the inconsistencies with regard to HPA 
axis functioning in persons suffering from depression. Specifi cally, in Chapter 2, I 
examined the relationship between chronicity of depressive problems and HPA axis 
reactivity to psychosocial stress in adolescents (TRAILS focus sample). In Chapter 
3, I assessed between- and within-individual variation in cortisol (t=90) in matched 
depressed and non-depressed individuals (n=30) (MOOVD study). 

Examining the dynamic relationship between cortisol and affective states in daily life 
may increase understanding of the role of the HPA axis in depression. Because this 
question regards temporal processes within individuals, I chose for a within-individu-
al analytical approach (i.e. time-series analysis). This approach requires specifi c sam-
pling protocols. Chapter 4 described how stress biomarkers can be optimally sampled 
for time-series analysis. In Chapter 5, I examined the dynamic relationship between 
cortisol and positive and negative affect in daily life in depressed and non-depressed 
individuals (MOOVD study). 

In chapter 6, I examined whether adolescents’ exercise habits prospectively predicted 
HPA axis responses to psychosocial stress, and whether this subsequently predicted 
somatic and affective symptoms of depression (TRAILS focus sample). In Chapter 
7, the temporal relationship between physical activity and affective states in daily life 
of depressed and non-depressed individuals was assessed (MOOVD study). For those 
individuals with signifi cant direct or lagged effects of physical activity on affective 
states, I assessed in Chapter 8 whether cortisol mediated this relationship. Finally, in 
Chapter 9 the fi ndings of the previous chapters were integrated and discussed.
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BOX 2: STUDY DESIGNS 

The TRAILS study      
For two of the studies in this thesis (Chapter 2 and 6) we used data from a focus 
sample of the TRacking Adolescents’ Individual Lives Survey (TRAILS), a prospec-
tive cohort study of Dutch adolescents with bi- or triennial measurements from age 
11 to 24. This study was set up to learn more about the etiology and course of mental 
health problems in the Dutch population. The fi rst measurement wave was in 2001-
2002 (age ± 11 years), with 2230 children enrolled in the study. Up till now, 5 waves 
have been completed. For a detailed description of the TRAILS cohort, please see 
De Winter et al. (2005) and Oldehinkel et al. (2008). For this thesis, we used data 
from wave 2 (age ± 13.5 years) and wave 3 (age ± 16 years). Specifi cally, we used a 
focus sample of 715 adolescents who agreed to participate in a series of laboratory 
tasks additional to the usual assessments at wave 3. One of those tasks was a social 
stress test to assess psychological and physiological responses to stress. Among 
other things, cortisol was assessed. 

The MOOVD study  
For Chapter 3, 4, 5, 7, and 8 we used data from the Mood and Movement in Daily 
life (MOOVD) study, which we set up to investigate the dynamic relationship be-
tween (physical) activity and mood in daily life, and the role of several biomarkers 
therein. Participants (age 20-50 years) were intensively monitored in their natural 
environments for 30 days, by means of electronic diaries, actigraphy, and saliva 
sampling, resulting in a total of 90 measurements per individual. This number is suf-
fi cient to perform time-series analysis for single individuals. Of the 62 participants 
who started the study, 8 participants dropped out early or did not have enough valid 
physical activity or diary measurements (T<60). This left 54 participants for further 
study. Participants with and without a depressive disorder were pair-matched on gen-
der, smoking, age, and BMI. For this thesis, 15 matched pairs (the fi rst subsample 
for which cortisol concentrations had been determined, because they enrolled in the 
study fi rst) were used.
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ABSTRACT

Clinical and epidemiological studies, further supported by meta-analytic studies, 
indicate a possible association between chronicity (i.e., persistence or recurrence) of 
depression and hypothalamic-pituitary-adrenal (HPA) axis responsiveness to psy-
chosocial stress. In the present study we examined whether and how chronicity of 
depressive problems predicts cortisol responses to a standardized social stress test in 
adolescents. Data were collected in a high-risk focus sample (n = 351) of the Tracking 
Adolescents’ Individual Lives Survey (TRAILS) cohort, a large prospective popu-
lation study with bi- to triennial measurements. Depressive problems were assessed 
around age 11, 13.5, and 16. Cortisol levels were measured in saliva, sampled before, 
during, and after the Groningen Social Stress Test (GSST), to determine the cortisol 
response to psychosocial stress. The area under the curve with respect to the increase 
(AUCi) (i.e., change from baseline) of the cortisol response was used as a measure 
of HPA axis response. By means of linear regression analysis and repeated-measures 
analysis of variance, it was examined whether chronicity of depressive problems 
predicted the cortisol response to the GSST around the age of 16. Chronicity of 
depressive problems was signifi cantly associated with cortisol stress responses. The 
relationship was curvilinear, with recent-onset depressive problems predicting an in-
creased cortisol response, and more chronic depressive problems a blunted response. 
The results of this study suggest that depressive problems initially increase cortisol 
responses to stress, but that this pattern reverses when depressive problems persist 
over prolonged periods of time. 
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Chronicity of depressive problems and the cortisol response to social stress

INTRODUCTION

One of the prime factors in the precipitation of depression is the experience of psy-
chosocial stress (Kendler et al., 1999; Ormel et al., 2001). Psychosocial stressors are 
capable of activating a major player of the human stress system: the hypothalamic-pi-
tuitary-adrenal (HPA) axis (Holsboer and Ising, 2010). Abnormal HPA axis function-
ing has been a much studied facet of the pathophysiology of depression over the last 
years. Despite this, the exact role of the HPA axis response to psychosocial stressors 
in depressed persons is unclear. This is, at least in part, due to inconsistent fi ndings: 
some studies found that individuals suffering from depression displayed increased 
cortisol responses to psychosocial stress, while others found blunted cortisol re-
sponses (Burke et al., 2005). A meta-analysis in adults samples revealed that, overall, 
depressed persons had blunted cortisol responses to psychosocial stress (i.e., change 
from baseline), but the results were heterogeneous. This heterogeneity was partly 
caused by the fact that blunted responses were seen particularly in severely depressed 
and in older subjects (Burke et al., 2005). To best of our knowledge, only one study 
examined the association between depression and HPA axis responses to stress in ado-
lescents. In this study, depressed adolescents displayed exaggerated cortisol responses 
to a psychosocial stress test (Rao et al., 2008).

The fi nding that older depressed individuals are more likely to display blunted cor-
tisol stress responses than younger ones could be explained by age differences, but 
older persons are also likely to have a persistent or recurrent depression (Burke et al., 
2005). Unfortunately, studies looking into the relationship between HPA axis respons-
es and depression have been mainly cross-sectional, and discriminated only between 
currently depressed and non-depressed individuals. This is in spite of evidence from 
several neuroimaging studies which suggests that persistent or recurrent depression 
coincides with changes in the brain that might affect HPA axis functioning, among 
which is reduced hippocampal size (Lorenzetti et al., 2009). In turn, these changes 
may lead to less effective inhibitory control of the hippocampus over the HPA axis, 
which has been thought to potentiate chronic release of cortisol and to be related to 
low HPA axis responses to stress (Jacobson and Sapolsky, 1991; Buchanan et al., 
2009). In addition to evidence from neuroimaging studies, epidemiological studies 
have shown that the association between stressful life events and depression onset 
becomes weaker with subsequent depressive episodes (Kendler et al., 2000; Ormel et 
al., 2001). This so-called kindling effect (Post, 1992) indicates changes in reactivity to 
stress with subsequent depressive episodes.

In the present study, we addressed the role of chronicity, defi ned as persistent or 
recurrent depressive problems, with regard to the HPA axis response to psychosocial 
stress. Chronicity was defi ned as the presence of persistent or recurrent depressive 
problems, and operationalized as having depressive problems at consecutive assess-
ment waves. We hypothesized that, compared to having no history of depressive 
problems (HDP), having recent-onset depressive problems would be related to an ex-
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aggerated cortisol response, whereas having more chronic depressive problems would 
be related to a blunted cortisol response. We studied the cortisol response to a psycho-
social stressor under controlled laboratory conditions in a large sample of adolescents. 
Adolescents are an interesting group for studying fi rst incidence and progression of 
depressive problems, because the prevalence of affective disorders starts to rise dra-
matically during adolescence, from an estimated 1% during preadolescence to rates of 
up to 25% at the end of adolescence (Kessler et al., 2005). An additional advantage is 
that the prevalence of potentially confounding somatic disorders is relatively low at 
this age.

METHOD

Participants
The present sample was selected from a focus sample of TRAILS (Tracking Adoles-
cents’ Individual Lives Survey). TRAILS is a large prospective population study of 
Dutch adolescents from the general population, which are followed from age 11 to 
at least age 21. The TRAILS study conducts measurements every two to three years. 
Three measurement waves (Ts) have been completed so far, while the fourth is cur-
rently being fi nalized. At T1, 2230 children were enrolled in the study (response rate 
76.0), of whom 2149 (96.4%) participated at T2, and 1816 (81.4%) participated at T3. 
The mean age of the participants was 11.11 years (SD = 0.56) at T1, 13.57 years (SD 
= 0.53) at T2, and 16.28 years (SD = 0.71) at T3. A detailed description of this cohort 
is provided elsewhere (Huisman et al., 2008).

The focus sample consists of 715 adolescents who agreed to participate in a series 
of laboratory tasks additional to the usual assessments at T3 (response rate 96.1%). 
Adolescents with an increased risk of mental health problems had a greater chance of 
being selected for this experimental session. Increased risk was defi ned based upon 
temperament (high scores on frustration and fearfulness, low scores on effortful con-
trol), parental psychopathology (depression, anxiety, addiction, psychoses, or antiso-
cial behavior), and environmental risk (living in a single-parent family), all measured 
at T1. In total, 66% of the focus sample had at least one risk factor, while the remain-
ing 34% was randomly selected from the TRAILS cohort. Although adolescents with 
an increased risk of mental health problems were overrepresented, the focus sample 
still represented the whole range of problems seen in a normal population. This made 
it possible to use sampling weights in all analyses to reproduce the distribution in the 
total TRAILS sample. The experimental protocol was approved by the Dutch Cen-
tral Committee on Research Involving Human Subjects (CCMO). Participants were 
treated in accordance with the Declaration of Helsinki, and experiments were carried 
out with adequate understanding and written consent of the participants. More infor-
mation on the selection procedure can be obtained from the corresponding author. 

From the focus sample, 24 adolescents were discarded because they had missing data 
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on depressive symptoms at one of the three assessment waves, and 32 because their 
experimental session was more than 18 months before or 12 months after the assess-
ment of depressive problems. In addition, we excluded girls who used oral contra-
ceptives (OC) (n = 110), because a previous study in this sample showed that OC 
users displayed no signifi cant cortisol response to the social stress test (Bouma et al., 
2009) and habitual smokers (i.e., at least one cigarette a day, n = 76) because smoking 
attenuates the cortisol response to psychosocial stress (Rohleder and Kirschbaum, 
2006). Four participants were excluded because they used corticosteroid medication 
or antidepressants which infl uence responses to stress (Holsboer and Barden, 1996). 
Lastly, another four adolescents were excluded because of cortisol detection failures 
in at least two of the four cortisol saliva samples, leaving a sample of 466 adolescents 
(mean age 16.04, SD = 0.53, 59.0% boys).

Procedure
Experimental session
The experimental sessions involved a variety of challenging tasks and conditions 
which were alternated with short breaks. The Groningen Social Stress Test (GSST) 
was last of the sessions. In brief, the sessions took place on weekdays, in soundproof 
rooms with blinded windows at selected locations in the participants’ residence town, 
lasted about three hours, and started between 0800h and 0930h or between 1230h 
and 0230h (57%). Adolescents were randomly assigned to morning and afternoon 
sessions. Data of morning and afternoon sessions were pooled, as cortisol responses 
to psychosocial stress tasks, when measured as the response from baseline, have been 
found to be similar in the morning and afternoon in our sample (Bouma et al., 2009), 
as well as in other relatively large studies (Kudielka et al., 2004). Nevertheless, we 
cannot rule out confounding of cortisol responses by timing of the stress test (Kudiel-
ka et al., 2004), and therefore controlled for GSST start time in the analyses. Partici-
pants were asked to refrain from smoking and from using coffee, milk, chocolate, and 
other sugar-containing foods during the two hours before the session. More details 
about the experimental session can be found elsewhere (Bouma et al., 2009).

The Groningen Social Stress Test (GSST)
The GSST is a standardized protocol, inspired by the Trier Social Stress Test, for the 
induction of moderate performance-related social stress (Kirschbaum et al., 1993). 
The GSST has been found to elicit signifi cant cortisol changes in heart rate and in the 
HPA system (Bouma et al., 2009, 2011). It entails the elements necessary to induce a 
signifi cant cortisol response, namely uncontrollability and social-evaluative aspects 
(Dickerson and Kemeny, 2004). In short, the participants were, on the spot, instructed 
to prepare and deliver a six-minute speech about themselves and their lives, and to 
perform a diffi cult mental arithmetic task in front of a camera, while being video-
taped. The videotape was said to be judged by peers on content of speech and use of 
voice and posture. Participants were debriefed directly after the task. 
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Cortisol sampling during the GSST
HPA axis responses towards the GSST were assessed by four salivary samples of 
cortisol, referred to as C1, C2, C3, and C4. Free cortisol levels in saliva refl ect HPA 
axis activity about 20 minutes earlier, as there is a time window between the produc-
tion of cortisol by the adrenal glands upon stress and the presence of cortisol in saliva 
(Aardal-Eriksson et al., 2005). Sample C1 was collected before the GSST, refl ecting 
pre-test HPA axis activity during rest. At that time, participants were fi lling out rating 
scales while sitting quietly. C2 was collected immediately after the GSST, refl ecting 
HPA axis activity at the beginning of the GSST, when participants had to deliver a 
speech. C3 was collected 20 minutes after the end of the GSST, refl ecting HPA axis 
activity at the end of the GSST. Finally, C4 was collected 40 minutes after the end of 
the GSST, refl ecting post-stress HPA axis activity. 

Measures
Cortisol
Salivary cortisol samples were collected using Salivettes®, which are small cot-
ton swabs in plastic tubes (Sarstedt, Numbrecht, Germany). After the experimental 
session, the samples were placed in a refrigerator at 4 oC, and within three to four 
days brought to the laboratory of the University Medical Center in Groningen, and 
stored at -20 oC until analysis. All samples were analyzed with the same reagent, and 
all experimental samples from a participant were assayed in the same batch. Missing 
experimental samples (C1, n = 9; C2, n = 4; C3, n = 8; C4, n = 7) were due to detec-
tion failures in the lab (54%) or insuffi cient saliva in the tubes (46%). Missing values 
were imputed on the basis of a combination of the group mean and standard deviation 
for the missing cortisol sample and the mean of the participant’s cortisol samples that 
were present. Because we were particularly interested in the HPA axis response to 
stress, we used the area under the curve with respect to the increase (AUCi) as an out-
come measure. The AUCi represents the area under the curve above baseline levels 
(cortisol sample C1). It was computed according to the method described elsewhere 
(Pruessner et al., 2003).

History of depressive problems
At T1, T2, and T3, depressive symptoms were assessed by the Affective Problems 
Scale (APS) of the Youth Self-Report (YSR) (Achenbach et al., 2003), the self-re-
port version of the Child Behavior Checklist (CBCL) (Achenbach, 1991). The APS 
consists of 13 items (Cronbach’s α T1 = 0.72, T2 = 0.76, T3 = 0.76) covering de-
pressed mood, anhedonia, loss of energy, feelings of worthlessness and guilt, suicidal 
ideation, sleep problems, and eating problems, which can be rated as 0 = not true, 1 
= somewhat or sometimes true, or 2 = very or often true in the past six months. The 
scale has been found to correspond closely to the symptom criteria for DSM-IV Ma-
jor Depressive Disorder (van Lang et al., 2005). The presence of depressive problems 
was defi ned as having a mean score of at least 0.46 per item (total score of 6 on the 
APS). With this cut-off, roughly 20% of the adolescents had depressive problems at 
every assessment wave. The average mean item score of adolescents with depressive 



Chronicity of depressive problems and the cortisol response to social stress

31

problems was 0.62 at T1, 0.65 at T2, and 0.66 at T3. Because we were particularly 
interested in chronicity of current depressive problems, we excluded adolescents 
who had experienced depressive problems in the past but not anymore at the time of 
the social stress test, and those with depressive problems at T1 and T3, but not at T2 
(n=155). The remaining adolescents were categorized into four history of depressive 
problems (HDP) groups: no HDP = no depressive problems at T1, T2, and T3; short 
HDP = depressive problems at T3; intermediate HDP = depressive problems at T2 and 
T3; long HDP = depressive problems at T1, T2, and T3. This resulted in a sample of 
351 adolescents (59% boys), distributed over the HDP groups as shown in Table 1.

Statistical analyses
Adolescents with an increased risk of mental health problems were overrepresented 
in the study sample. Therefore, sampling weights were used to reproduce the distribu-
tion in the total TRAILS sample in all analyses. Sampling weights denote the inverse 
probability that a subject is included in a sample. The relationship between HDP and 
the HPA axis response was tested by linear regression analysis, with the AUCi as the 
dependent variable, using SPSS 18. Considering the nature of our hypothesis, we 
tested both linear and curvilinear effects by including a quadratic term (HDP2) in the 
model. In case the quadratic term explained signifi cant additional variance, it was 
pertained in the fi nal model. GSST start time was included as a covariate (Kudielka 
et al., 2004). Because cortisol responses to psychosocial stress tasks have consistently 
shown to be higher in men than in women, gender was included as a covariate as well 
(Kirschbaum et al., 1992; Bouma et al., 2009). Menstrual phase has been shown to af-
fect the cortisol response to psychosocial stress in adults. We did not control for men-
strual phase, however, because a previous study indicated that menstrual cycle phase 
did not infl uence cortisol responses signifi cantly in the TRAILS sample (Bouma et 
al., 2009). In addition to main effects, we tested interactions of HDP and HDP2 with 
gender. In case of signifi cant interaction effects, analyses were conducted separately 
in boys and girls to explore the nature of the differences. To exclude the possibility 
that a state effect of depressive symptom severity accounted for the associations under 
study, the analysis was repeated including depressive symptoms at T3 as a covariate. 
In addition, we studied the relationship between HDP and the HPA axis response 
by means of repeated-measures General Linear Modeling (GLM) to see whether a 
different type of analysis, less specifi c to our hypothesis, would yield similar results. 

Table 1. Frequencies of groups according to history of depressive problems
T1 T2 T3 n (%) n girls (%)

No HDP - - - 270 (76.9) 101 (37.4)
Short HDP - - x   31 (8.8)   19 (61.3)
Intermediate HDP - x x   13 (3.7)     8 (61.5)
Long HDP x x x   37 (10.5)   17 (46.0)

Note: HDP = history of depressive problems, x = presence of depressive problems, - = absence 
of depressive problems, T = assessment wave, n = number of participants. 115 participants did 
not fall in any of these HDP categories.
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Using the same predictor variables and covariates, we assessed their infl uence on the 
cortisol response pattern (samples C1, C2, C3, and C4). When appropriate, Green-
house-Geisser corrections were applied to the degrees of freedom used to calculate 
the p-value. In every analysis a p-value < .05 was considered statistically signifi cant.

RESULTS

Descriptive statistics
Characteristics of the study sample can be found in Table 2. Mean cortisol concentra-
tions of the participants were lowest before the start of the GSST (sample C1), where-
as they were highest at the start of the GSST (sample C2). Table 3 shows bivariate 
correlations of the variables under study. HDP was negatively and weakly correlated 
to the concentrations of cortisol samples during the GSST.
 
Table 2. Means and standard deviations of the variables used in this study
Variable Mean (SD)
Age (years) 16.03 (0.53)
GSST start time (hh:mm) 14:00 (02:16)
C1 (nmol/l) 3.29 (1.79)
C2 (nmol/l) 4.59 (2.63)
C3 (nmol/l) 4.50 (2.74)
C4 (nmol/l) 3.75 (2.02)
AUCi (nmol/l) 58.06 (119.04)
DS T1 (0-2) 0.29 (0.24)
DS T2 (0-2) 0.25 (0.24)
DS T3 (0-2) 0.25 (0.24)

Note: C1 = mean cortisol concentration before the Groningen Social Stress Test (GSST), C2 
= mean cortisol concentration during the GSST, C3 = mean cortisol concentration at the end 
of the GSST, C4 = mean cortisol concentration 20 minutes after the end of the GSST, AUCi = 
area under the curve with respect to the increase, DS T1 = mean depressive symptoms score 
at T1 (mean age 11.1 years), DS T2 = mean depressive symptoms score at T2 (mean age 13.6 
years), DS T3 = mean depressive symptoms score at T3 (mean age 16.0 years). Sampling 
weights were used to represent the distribution in the general population.

Effects of history of depressive problems on the cortisol response to psychosocial 
stress
Effects of HDP on the AUCi are presented in Table 4. HDP was positively, and HDP2 
inversely related to the AUCi. As shown in Figure 1, the AUCi data follow (part of) 
an inverted U-shaped pattern, with disproportionally high cortisol responses in ado-
lescents with a short HDP and disproportionally low responses in those with a long 
HDP. Two-way interactions of HDP and HDP2 with gender were non-signifi cant (β= 
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0.55, p= .13 and β= -0.54, p= .13, respectively). Depressive symptoms at T3 were 
not signifi cantly related to the AUCi (β=0.05, p=.86), and the relationship between 
HDP2 and the AUCi remained signifi cant after adjustment for depressive symptoms 
(β=-0.57, p=.02). Figure 2 displays the cortisol response to the GSST, as indicated by 
the mean cortisol concentration of every sample, for each of the HDP groups. Corti-
sol concentrations of the four groups did not differ at sampling point C1 (p=.30), but 
diverged at the other three sampling points (C2: p<.01, C3: p<.01, C4: p<.01). Re-
peated-measures GLM confi rmed results of the linear regression analysis. Effects of 
HDP and HDP2 on the cortisol response were signifi cant (respectively, F=3.99, p=.02 
and F=5.58, p<.01), and concerned the quadratic contrast of the cortisol response in 
particular. Details can be obtained from the corresponding author upon request.

Table 3. Bivariate correlations
C1 C2 C3 C4 DS T1 DS T2 DS T3 HDP

C1
C2 .49*
C3 .36* .85*
C4 .40* .71* .83*
DS T1 .03 -.07 -.07 -.03
DS T2 -.07 -.10* -.11* -.09 .56*
DS T3 .03 -.03 -.03 -.05 .39* .54*
HDP (0-3) -.05 -.12* -.13* -.12* .68* .82* .80*

Note: C1 = cortisol concentration before the Groningen Social Stress Test (GSST), C2 = cor-
tisol concentration during the GSST, C3 = cortisol concentration at the end of the GSST, C4 = 
cortisol concentration 20 minutes after the end of the GSST, AUCi = area under the curve with 
respect to the increase, DS T1 = depressive symptoms score at T1 (mean age 11.1 years), DS 
T2 = depressive symptoms score at T2 (mean age 13.6 years), DS T3 = depressive symptoms 
score at T3 (mean age 16.0 years), HDP = history of depressive problems, where ‘0’ indicates 
no HDP, ‘1’ indicates a short HDP, ‘2’ indicates an intermediate HDP, and ‘3’ indicates a long 
HDP. Sampling weights were used to represent the distribution in the general population.
* p <0.05.
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Figure 1. Cortisol response to the GSST, according to history of depressive problems. 
Error bars are standard errors of the mean. HDP indicates history of depressive problems; 
C1,  sample collected before the GSST, refl ecting pre-test HPA axis activity during rest; C2, 
sample collected immediately after the GSST, refl ecting HPA axis activity at the beginning of 
the GSST; C3, sample collected 20 minutes after the end of the GSST, refl ecting HPA axis ac-
tivity at the end of the GSST; and C4, sample collected 40 minutes after the end of the GSST, 
refl ecting post-stress activity of the HPA axis.

Table 4. Linear regression model, AUCi of the cortisol response to psychosocial 
stress
Variable R2 adjusted β p
History of depressive problems

2.2%
 0.47 .04

History of depressive problems squared -0.58 .01
Gender (girls=0, boys=1)  0.07 .21
GSST start time  0.06 .27

Note: AUCi = area under the curve with respect to the increase. Sampling weights were used 
to represent the distribution in the general population. Signifi cance of the model p = .02.
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Figure 2. AUCi of the cortisol response to the GSST, according to history of depressive 
problems. Weighted means are presented. Int is short for intermediate and AUCi is short for 
area under the curve with respect to the increase. 

DISCUSSION

In the present study, we examined the relationship between chronicity of depressive 
problems and the HPA axis response to psychosocial stress in adolescents. As hypoth-
esized, we found that recent-onset depressive problems were related to an increased 
cortisol response, whereas chronic depressive problems were related to a blunted 
cortisol response. 

To the best of our knowledge, no previous studies have examined whether chronicity 
of depression can explain part of the variance found in cortisol responses to stress. 
One study examined the cortisol response to psychosocial stress in healthy and 
depressed adolescents (Rao et al., 2008). In this study (n = 55), being depressed was 
related to a more pronounced cortisol response. Although some adolescents had been 
depressed for quite a long time, mostly adolescents with a fi rst depressive episode 
were included (U. Rao, personal communication). The cortisol response to the social 
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stress task of our recent-onset group was more pronounced as well. A study in de-
pressed adults examined the relationship between previous depressive episodes and 
HPA axis dysregulation by means of the combined dexamethasone/corticotrophin-re-
leasing hormone (DEX/CRH) test (Rybakowski and Twardowska, 1999). Compared 
to patients with a fi rst depressive episode, patients with a recurrent depressive episode 
displayed an increased cortisol response to DEX/CRH, indicating an increased nega-
tive feedback to the HPA axis. The study did not discriminate between the number of 
previous episodes, nor mentioned the length of the history of depression. Moreover, 
pharmacological challenges might not be directly comparable to psychosocial stress 
challenges. Nonetheless, these results suggest that HPA axis function can change due 
to a longer history of depression.

Although no prior studies examined the relationship between HPA axis responses to 
stress and chronicity of depression, many have investigated the association between 
stressful life events and the onset of fi rst and recurrent depression (Kendler et al., 
2000; Ormel et al., 2001; Morris et al., 2010). This association decreases with increas-
ing number of prior depressive episodes, a phenomenon often referred to as kindling 
(Post, 1992). Among several mechanisms which have been postulated to underlie the 
kindling effect, the stress sensitization model has received most evidential support 
(Monroe and Harkness, 2005; Morris et al., 2010; Stroud et al., 2011). This model as-
sumes that stressors become increasingly capable of triggering depressive symptoms. 
Hence, the likelihood of developing a depressive episode increases with subsequent 
episodes, as a person becomes more sensitized to stress. Because minor stressors gain 
potential, the association between depression and major stressful life events becomes 
weaker with subsequent episodes (Morris et al., 2010). Our fi ndings would comple-
ment the stress sensitization hypothesis if one assumes that low cortisol responses 
to psychosocial stress indicate ineffective coping, which seems plausible. Cortisol is 
released to adapt to stress-induced demands, e.g., by increasing energy availability. 
Theoretically, low cortisol responses to psychosocial stress could result in depressive 
symptoms such as low energy supply and fatigue (Segal et al., 2005), which in turn 
may promote other depressive symptoms. Empirical support comes from multiple 
studies which have found an association between low cortisol responses to psychoso-
cial stress and high post-stress perceived arousal and unpleasantness (Reuter, 2002; 
Schlotz et al., 2008; Oldehinkel et al., 2010). Longitudinal studies addressing changes 
in the HPA axis response with progression and remission of depressive symptoms are 
necessary to provide further clarifi cation.

So far, it has not been clarifi ed by what biological mechanism a longer duration or 
prior episodes of depression can infl uence HPA axis responses to subsequent stress-
ors, but several studies provide clues for possible explanations. Individuals with 
persistent or recurrent depression are characterized by high levels of neuroticism 
and poor coping skills (Ormel et al., 2004). They are more likely to experience daily 
hassles, and report more stressful life events (van Eck et al., 1996). Stressful life 
events and chronic stressors trigger the excretion of excessive amounts of glucocorti-
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coids. Evidence suggests that the experience of chronic or repeated stress can lead to 
a hypo-reactive HPA axis (Miller et al., 2007), for instance, by an increased sensitivity 
to the negative feedback signal of glucocorticoids at the level of the pituitary (Fries et 
al., 2005). In addition, excessive amounts of glucocorticoids can cause hippocampal 
damage (Sapolsky, 2000), resulting in less inhibitory control over hypothalamic CRH 
production, leading to chronically high levels of glucocorticoids and impaired reactiv-
ity to stress (Jacobson and Sapolsky, 1991). Interestingly, reduced hippocampal size 
has been found in depressed patients, compared to non-depressed individuals, notably 
in those with multiple episodes and long-lasting depression (Lorenzetti et al., 2009). 
Reduced hippocampal size has also been found to be predicted by early life adver-
sities, and to be a partial mediator of the association between early life adversities 
and depression later in life (Rao et al., 2010). This suggests that small hippocampal 
size can be both a consequence of stress (i.e., glucocorticoids) and a risk factor for 
stress-related disorders. Similarly, HPA axis functioning may be altered by stress via 
several mechanisms, among which hippocampal damage, and these alterations may 
increase risk for future stress-related disorders.

Our fi ndings should be interpreted in the light of several limitations. First, the YSR 
Affective Problems Scale was not specifi cally developed to assess depressive prob-
lems according to DSM-IV criteria. Nevertheless, it was found to have high diagnos-
tic accuracy, with a score between 5 and 9 best predicting clinical depression (Aebi 
et al., 2009), so we are fairly confi dent that it is an adequate measure. The use of this 
dimensional depression scale may also explain the absence of a clear increase in de-
pressive symptoms with age in our sample; studies reporting such an age effect have 
mainly used clinical diagnoses (Kessler et al., 2005), while evidence for increases at 
symptom level is less clear (e.g., Canals et al., 2002; Meadows et al., 2006). A second 
limitation is that we had information about depressive problems in the six months 
prior to the three measurement waves but not about the residual time between the 
measurements, which may have decreased the reliability of our measure and hence 
defl ated the effect sizes. Third, although the experimental session was preferably 
planned close to the date at which the depressive problems were assessed, this was 
not always possible because of logistical reasons. A fourth limitation is the exclusion 
of smokers and oral contraceptive users, which restricts the generalizability of our 
fi ndings to non-smokers and non-oral contraceptive users. We chose to do so nonethe-
less, because smoking and oral contraceptives use are known to interfere with cortisol 
stress responses and might contaminate the associations under study. Fifth, although 
the overall sample size was quite large for this type of study, the history of depressive 
problems groups had limited sample sizes. A fi nal limitation is that, due to the nature 
of our design, we cannot rule out the possibility that age at onset of depressive prob-
lems infl uenced the cortisol response. 

The results of this study indicate that recent-onset depressive problems predict in-
creased HPA axis responses, whereas depressive problems that started a longer time 
ago predict decreased HPA axis responses to psychosocial stress. The current consen-
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sus is that depression is a stress-related disorder and that HPA axis functioning plays 
a part in the etiology of depression (Holsboer and Ising, 2010). Adhering to this view, 
this study shows that depression is not a static phenomenon, but may take different 
forms during its course. Consequentially, depression interventions may also be dif-
ferentially effective in individuals with a recent compared to a longstanding depres-
sion. Future research should examine why the HPA axis becomes underresponsive to 
psychosocial stress with increasing chronicity of depression, and whether this change 
in responsiveness is key to an increased risk to develop future episodes of depression.
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ABSTRACT

Objectives
Associations between biological stress markers and depression are inconsistent across 
studies. We assessed whether inter- and intra-individual variability explain these 
inconsistencies. 

Methods
Pair-matched depressed and non-depressed participants (N=30) collected saliva thrice 
a day for 30 days, resulting in 90 measurements per individual. The relationships be-
tween measures of stress-system function and depression were examined at the group 
level by means of mixed model analyses, and at the individual level by means of pair-
matched comparisons. The analyses were repeated after adjusting for time-varying 
lifestyle factors by means of time-series regression analyses. 

Results
Cortisol and α-amylase levels were higher, the α-amylase/cortisol ratio larger, and the 
daily cortisol slope steeper in the depressed compared to the non-depressed group. 
Adjusting for lifestyle factors and antidepressant use reduced the associations under 
study. In 40% – 60% of the matched comparisons, depressed individuals had higher 
cortisol and α-amylase levels, a larger α-amylase/cortisol ratio, and a steeper daily 
slope than their non-depressed match, regardless of adjustment. 

Conclusions
Our group-level fi ndings were mostly in line with the literature but generalization to 
individuals appeared troublesome. Findings of studies on this topic should be inter-
preted with care, because in clinical practice the focus is on individuals instead of 
groups. 
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INTRODUCTION

Cortisol and α-amylase are both markers of the human stress system, but refl ect dis-
tinct components of it. Cortisol is released from the adrenal gland as the end product 
of the hypothalamic-pituitary-adrenal (HPA) axis, a relatively slow system that adapts 
the body to stress conditions by mobilizing energy and inhibiting non-emergency 
processes, such as sleep, sexual activity and growth (Chrousos, 2009). Alpha-amylase 
is an enzyme that hydrolyses starch in the oral cavity; its secretion is under autonomic 
regulation and is highly sensitive to stress-related changes (Schumacher, Kirschbaum, 
Fydrich, & Stroehle, 2013). The autonomic nervous system (ANS) is a fast system 
that enables the body to cope with a stressor directly by effecting the cardiovascular 
and respiratory system and releasing catecholamines (Laurent, Powers, & Granger, 
2013). Both cortisol and α-amylase have been studied in relation to mood problems 
(Schumacher et al., 2013).

Over the past years, the functioning of the HPA axis and its end-product cortisol in 
depressed patients has received much attention (Holsboer & Ising, 2010). Salivary 
cortisol levels have been studied at various moments of the day, in naturalistic as well 
as experimental settings (Stetler & Miller, 2011). In a meta-analysis, Stetler and Mill-
er summarized four decades of research into HPA axis activation and depression, and 
concluded that there seems to be a tendency for increased HPA axis activation in de-
pressed samples (Stetler & Miller, 2011). They also noted that results varied consid-
erably across studies, and that several studies showed decreased instead of increased 
activation of the HPA axis. Depression has also been associated with a fl atter diurnal 
cortisol rhythm, but this has been investigated less often, and the available evidence 
is not very consistent (Jarcho, Slavich, Tylova-Stein, Wolkowitz, & Burke, 2013). 
The few studies that examined salivary α-amylase levels in relation to depressive 
symptoms show a tendency towards increased α-amylase levels in depressed versus 
non-depressed groups, but these results are mixed as well (Schumacher et al., 2013). 

In 2002, Bauer and colleagues argued that an adaptive stress response should in-
volve interaction of the HPA axis and the ANS in a coordinate manner (Bauer, Quas, 
& Boyce, 2002). An imbalance of the two systems might therefore result in several 
health problems (Schumacher et al., 2013). A recent study found that the ratio of 
stress-induced salivary α-amylase over cortisol was more strongly related to depres-
sive symptoms and to several indices of chronic stress than either of them alone. 
More specifi cally, relatively high α-amylase combined with relatively low cortisol 
levels predicted poor outcomes (Ali & Pruessner, 2012). However, another study 
found no interaction between cortisol and α-amylase in the prediction of depressive 
symptoms (Vigil, Geary, Granger, & Flinn, 2010). Hence, the interplay of these two 
components of the stress system deserves more scrutiny. 

The inconsistencies in the present literature may, at least partly, be the result of 
interference by within-subject variability. Salivary cortisol and α-amylase levels 
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vary considerably over time within individuals, because they are infl uenced by many 
fl uctuating factors, among which circadian phase, ultradian phase, time of waking 
up, food intake, substance use, physical activity, daily hassles, and social interactions 
(Kudielka, Hellhammer, & Wust, 2009; Lightman & Conway-Campbell, 2010; Nater, 
Rohleder, Schlotz, Ehlert, & Kirschbaum, 2007). To adequately capture variation in 
cortisol and α-amylase at the group level, intra-individual variation should be dealt 
with as well (Nater et al., 2007). This requires multiple measurements per individual. 
The exact number of measurements needed depends on the homogeneity of the pop-
ulation sample, the timing and interval of the measurements, and whether important 
confounding factors are taken into account. Hruschka, Kohrt, & Worthman (2005) 
calculated, for two example studies with very different sample sizes and sampling 
intervals, that 70 and 88 measurements would have been necessary to estimate be-
tween-individual differences in diurnal slope with moderate reliability, while 12 and 
15 samples were taken, respectively. Up till now, only a few studies have sampled 
cortisol more often, that is, 50-60 times (Peeters, Nicolson, & Berkhof, 2004; van 
Eck, Berkhof, Nicolson, & Sulon, 1996). In the present study, we measured cortisol 
and α-amylase three times a day over 30 days (T=90) in 30 pair-matched depressed 
and non-depressed individuals. Such lengthy research is only feasible if conducted 
in the participants’ own environment. This has the added benefi t that generalization 
to real life is more sensible than in laboratory studies (de Vries & Csikszentmihalyi, 
2006; Hilliard, 1993). 

Inconsistencies in the literature may also be caused by individual heterogeneity. 
Group studies into the relationship between cortisol and depression generally aim to 
increase knowledge about the etiology and treatment of individuals with depression. 
But what is found to be true at the group level (i.e., on average) is not necessarily true 
for individuals (Lamiell, 1998). The present study focused on multiple repeated meas-
urements in pair-matched individuals with and without depression. This allowed us to 
determine how well group results generalized to the level of individuals, and to zoom 
in on individual time series to identify potential sources of heterogeneity. In sum, this 
study complements the available literature in a unique way by combining a nomo-
thetic and idiographic approach to assess whether depression is related to cortisol and 
α-amylase secretion patterns. 

MATERIALS AND METHODS 

Participants
The data were collected as part of the ‘Mood and movement in daily life’ (MOOVD) 
study, which was set up to investigate the dynamic relationship between (physical) 
activity and mood in daily life, and the role of several biomarkers therein. Participants 
(age 20-50 years) were intensively monitored in their natural environments for 30 
days, by means of electronic diaries, actigraphy, and saliva sampling, resulting in a 
total of 90 measurements per individual. Of the 62 participants who started the study, 
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4 participants dropped out early. Another 4 participants completed the study but did 
not have enough valid physical activity or diary measurements (T<60),  leaving 54 
participants for further study. Participants with and without a depressive disorder 
were pair-matched on gender, smoking, age and BMI. For the fi rst 15 matched pairs, 
cortisol and α-amylase samples were analyzed. These participants make up the pres-
ent study sample. They did not differ signifi cantly from the remaining participants on 
BDI score, gender, age, BMI and smoking status (p<0.05). All matched pairs had the 
same gender and smoking status, while age and BMI differed on average 3.1 years 
(SD =2.4) and 3.4 kg/l2 (SD = 2.6). Pairs are numbered 1-15, preceded by a D (indi-
cating depression) or an N (no depression). 

The depressed participants were recruited from patients of the Psychiatry Department 
of the University Medical Center Groningen (UMCG) and the Center for Integrative 
Psychiatry (CIP) in Groningen, The Netherlands. The non-depressed participants were 
recruited from the general population by means of posters and advertisements in local 
newspapers. As a fi rst step, all participants were screened by means of the Beck De-
pression Inventory (BDI-II) (Beck, Steer, & Brown, 1996) and a general health ques-
tionnaire. The BDI score had to be higher than 14 to be included in the depression 
group, and lower than 9 to be included in the non-depressed group. Eligible individu-
als were invited to an introduction session, including the Composite International Di-
agnostic Interview (World Health Organization, 1990), several questionnaires, and an 
explanation of the use of equipment and the daily diary. Depressed individuals were 
included if they had a DSM-IV diagnosis of Major Depressive Disorder (current epi-
sode or in remission for less than 8 weeks). Non-depressed individuals were included 
if they were free of mood disorders at the moment of inclusion. Individuals with a 
current or recent (within the last two years) psychotic or bipolar disorder, a chronic 
somatic illness, or medication use known to infl uence the functioning of the HPA 
axis or the ANS (e.g. corticosteroids, beta-blockers) were excluded. Antidepressant 
medication was allowed. Other reasons for exclusion were pregnancy and signifi cant 
hearing or visual impairments. At the end of the study, the participants were debriefed 
and fi lled out several questionnaires. We offered a minimum of €60 for participation, 
and bonus fees according to the number of completed daily questionnaires. Addi-
tionally, the participants received a personal report on their daily mood and activity 
patterns within 3 months after the end of the study. 

Ethics statement
All participants gave written consent, and the MOOVD study design was approved 
by the Medical Ethical Committee of the University Medical Center Groningen. The 
study was conducted in accordance with the Declaration of Helsinki.

Ambulatory sampling
The participants completed questionnaires on an electronic diary, the PsyMate® 
(PsyMate BV, Maastricht, The Netherlands) (Myin-Germeys, Birchwood, & Kwapil, 
2011) for a total of 32 days, whereof the fi rst two days served to get familiar with 
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the device. The electronic diary questionnaire contained 60 items on mood, cogni-
tion, and daily activities. The PsyMate was programmed to generate beeps at three 
predetermined moments a day at equidistant time points: in the morning, six hours 
later in the afternoon, and again six hours later in the evening. To capture most of 
the participants’ daily life without intruding with their sleep habits, the beeps were 
planned preferably at the end of the morning, afternoon and evening. The exact time 
points depended on the participants’ sleep-wake schedule, as assessed by the Mu-
nich Chronotype Questionnaire (MCTQ) (Roenneberg et al., 2007) and a question 
regarding the time they would go to bed if they were to go to bed ‘on time’. This is 
convenient for the subjects, and it also reduces differences between individuals due to 
circadian phase; studies into circadian rhythmicity have shown that there are individ-
ual differences in a person’s natural sleep-wake rhythm (Roenneberg et al., 2007), 
and the accompanied (phase-locked) hormonal rhythms, such as that of cortisol and 
melatonin (e.g. Kalsbeek et al., 2012; Weibel & Brandenberger, 2002). The depressed 
and non-depressed group did not differ with regard to the time they fi lled out the daily 
questionnaires. After every alarm beep, the participants were asked to fi ll out the elec-
tronic diary. They were instructed to do so immediately after the beep, but a time win-
dow of 1 hour was allowed when this was not possible. Saliva was usually collected 
while completing the diary, by means of a synthetic collection device, the Salivette®. 
As recommended elsewhere (Rohleder & Nater, 2009), the participants were asked to 
keep the Salivette® in their mouth for at least 2 minutes and to refrain from chewing. 
They were not allowed to eat or drink anything except water, nor to smoke or brush 
their teeth within 30 minutes before saliva sampling. As a reminder of these restric-
tions, an extra alarm beep and a text message were presented 30 minutes before every 
diary beep. Throughout the study, the participants wore the ActiCal® (Respironics, 
Bend, OR, USA), an omnidirectional water-resistant accelerometer with the size of a 
watch, around the wrist of the non-writing arm. They were instructed never to remove 
the ActiCal except when entering a sauna or sunbed (high temperatures). The ActiCal 
recorded data over 1-min intervals. For more details about the ActiCal, see elsewhere 
(Heil, 2006).

Salivary cortisol and α-amylase 
The participants stored their saliva samples in a refrigerator as soon as possible. They 
reported samples that had been out of a refrigerator for more than 4 hours (2.4%) in 
a logbook. Research staff collected the samples every week, and brought them to the 
special chemistry Lab of the UMCG where they were centrifuged, and stored at -80°C 
until analysis.

Cortisol samples were analyzed by means of online-solid phase extraction in com-
bination with isotope dilution liquid chromatography-tandem mass spectrometry 
(LC-MS/MS), which has a broad analyte compatibility and high analytical perfor-
mance. Details can be obtained from the corresponding author upon request. In short, 
250uL of saliva was used for the analysis and deuterated cortisol was used as internal 
standard. All samples of one participant were assayed in the same batch. Mean intra- 
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and inter-assay coeffi cients of variation were below 10%. The quantifi cation limit for 
cortisol was 0.1 nmol/L. 
Alpha-amylase was analyzed at the same day at the general haematology and chem-
istry Lab, UMCG, by means of an enzymatic colorimetric analysis, according to the 
International Federation of Clinical Chemistry (IFCC) method, Roche Modular P, 
Mannheim, Germany. All samples of one participant were assayed in the same batch. 
The mean intra- and inter-assay coeffi cients of variation were 0.9% and 1.0%, respec-
tively.

Lifestyle variables
A number of items were included to assess variables suspected to infl uence cortisol or 
α-amylase levels, i.e. items on food intake, substance use, and exercise. Participants 
indicated whether, in the previous 1.5h, they ate/drank: 1) bananas / chocolate / dairy 
products; 2) a meal; 3) a sugary or fatty snack; 4) an alcoholic drink; 5) a caffeinated 
drink; 6) nothing of the before-mentioned options but something else; 7) nothing of 
the before-mentioned options and nothing else. They were allowed to enter 3 of these 
categories. Categories 1, 2, and 3 were merged into one category, because these all in-
clude nutritional products considered to have stimulating effects on cortisol secretion 
and presumably α-amylase secretion (Gibson et al., 1999; Kudielka et al., 2009). Par-
ticipants also indicated whether they used any of the following substances in the past 
six hours: 1) alcohol; 2) caffeine; 3) nicotine; 4) stimulating drugs (e.g. cocaine); 5) 
calming drugs (e.g. sleeping pills); 6) cannabis. Finally, they indicated whether they 
engaged in exercise during the past six hours. Exercise was defi ned as any physical 
activity done in leisure time with being active as the main purpose. Actigraphy data 
from the ActiCal was used to calculate wake-up time. Using an algorithm developed 
by Sadeh and colleagues, the probability of sleep was calculated for every 1-minute 
epoch (Sadeh, Sharkey, & Carskadon, 1994). Counting backwards from the moment 
when participants fi lled out their morning questionnaire (as registered by the Psy-
Mate), the fi rst minute of being awake after at least 6 minutes of sleep was determined 
as the moment of awakening. If participants fi lled out the morning questionnaire with-
in 60 minutes after waking up, the variable ‘recent awakening’ was given a score ‘1’. 
Otherwise, the variable was given a score ‘0’ (Peeters et al., 2004). All other lifestyle 
items were dummy-coded as well, resulting in a total of 12 dichotomous covariates. 

Person characteristics
Age, gender, completed education (0= primary education, 1=lower secondary ed-
ucation, 2=upper secondary education/vocational education, 3=university/college 
education), BMI, and smoking status were based on self-report. DSM diagnosis and 
information on previous depressive episodes were obtained from the CIDI interview. 
Average bedtime on work and free days was assessed with the MCTQ. Medication 
use was assessed weekly throughout the study. 

Statistical analysis
On average, participants had 4.1 (4.6%) missing or disqualifi ed cortisol and α-am-
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ylase samples, respectively. Saliva samples were disqualifi ed if they were collected 
outside the one-hour time window during which the electronic diary could be fi lled 
out. In a few cases, participants sampled saliva after this one-hour time window using 
a paper diary, but clearly stated the time of sampling. If this sampling time was < 
30 minutes after the time window, (i.e. <1.5 hour after the beep), samples were also 
considered valid, because we preferred real values over imputed values. On average, 
participants had 6.8 (7.5%) missing values for the diary lifestyle variables. Actigraphy 
data was used to construct the variable ‘recent awakening’. Three participants had 
missing actigraphy data, because of technical problems at the last 9 or 10 days of their 
study. This resulted in a total of 28 missing values for ‘recent awakening’ (0.1% for 
the total sample). Missing data were imputed by means of Expectation-Maximization 
imputation, based on all variables in the dataset that were signifi cantly associated with 
the variables containing missing values, as well as lagged values of cortisol and α-am-
ylase (6 lags) (Honaker, King, & Blackwell, 2011). In all analyses, we discarded the 
fi rst 20 days of participant D12 because of extreme cortisol values, presumably due to 
an infection. Values returned to a more normal range after day 20, around when D12 
had started taking antibiotics. This left 30 valid measurements, which is the minimal 
requirement for performing time-series analysis, which will be explained next (Lütke-
pohl, 2005).

For every individual, the cortisol and α-amylase time series were corrected for 
the infl uence of the lifestyle variables by means of time-series regression analysis  
(Hartmann et al., 1980). This technique is specifi cally suited for the assessment of 
within-person associations for each individual separately, based on a large number 
of measurements over time. With this technique, the infl uence of the lifestyle vari-
ables can be assessed while adjusting for  autocorrelation, which is often present in 
repeated observations from the same individual. Temporal variation in the measures 
under study is required. Therefore, variables that occurred less than 5 times during the 
30-day study period or were always present were excluded from the analysis. We in-
cluded dummy variables for morning and afternoon to account for structural daytime 
differences in levels. If necessary, the measurement number was included to render a 
series stationary. Any residual autocorrelation was identifi ed using (partial) autocor-
relation functions (ACFs and PACFs) and Ljung-Box tests, and removed by fi tting 
autoregressive moving average (ARMA) models to the residuals (see S1 Text, for an 
example of an ARMA model, and the accompanied ACF, PACF and Ljung-Box test). 
Models were implemented using the SPSS 20 Forecasting module. Adjusted cortisol 
and α-amylase values were computed by subtracting model estimates of the covariates 
from the unadjusted values. 

Differences between the depressed and the non-depressed group were assessed by 
multilevel analyses with the crude and corrected cortisol and α-amylase levels, daily 
slope of cortisol, and ratio of α-amylase over cortisol as dependent variables. Daily 
slope represents the averaging of the difference between morning and afternoon levels 
and the difference between afternoon and evening levels per day. The ratio of α-am-



Cortisol and α-amylase secretion patterns in depression

51

ylase over cortisol was constructed by dividing α-amylase levels by cortisol levels at 
the same time point. Depression status was included in the model as a fi xed factor. To 
account for daily cycles and time trends, variables for day segment and time were in-
cluded as both fi xed and random factors. Random intercepts and slopes were included 
to account for between-subjects variability. Models with different covariance struc-
tures were fi tted using restricted maximum likelihood estimation and the most optimal 
model was chosen based on the Aikaike Information Criterion (AIC). The best model 
was fi nally estimated with maximum likelihood estimation. Because cortisol and 
α-amylase distributions were skewed, bootstrapped confi dence intervals were com-
puted, using 1000 bootstrap samples. Bootstrapping has the advantage that is does 
not assume any specifi c distribution of the data. In a second step, to assess whether 
matching at the group level was successful, BMI and age were added as fi xed factors 
to the multilevel models one at a time. In a similar fashion, to get an impression of the 
infl uence of antidepressant use on the results, the use of psychotropic drugs or Saint 
John’s wort was added as a fi xed factor to the multilevel models. 

Subsequently, we compared matched pairs of depressed and non-depressed individ-
uals with regard to their cortisol and α-amylase measures. Thereafter, we calculated 
the (binomial) probability that the percentage of comparisons in which depressed 
individuals had increased cortisol and α-amylase levels, a fl atter slope and a larger 
α-amylase over cortisol ratio, compared to their non-depressed match, signifi cantly 
differs from chance (50%). Furthermore, crude and adjusted cortisol and α-amylase 
time series were visually inspected and examined using descriptive statistics (means 
and variances). For each individual series, the presence of time trends over the month 
and differences between day segments was assessed with time-series regression 
analysis, using dummy variables for day segment (morning and afternoon compared 
to evening) and a time variable as predictors. Again, any autocorrelation was removed 
by fi tting ARMA models to the residuals. 

RESULTS

Group characteristics
Demographic, clinical and biological characteristics of the 15 depressed and 15 
non-depressed participants are described in Table 1. As expected, signifi cant differ-
ences between groups were found for pre-BDI scores (t=-10.73, p<0.001) and post-
BDI scores (t=-5.02, p<0.001). No other signifi cant group differences were found. 
Of the depressed group, 11 were currently depressed, and 4 were in remission since 
2-4 weeks. Furthermore, 7 depressed participants were on psychotropic medication 
throughout the study period, and 2 used Saint John’s wort (see S2 Table, for a com-
plete overview of medication and therapy use). Average cortisol and α-amylase levels 
ranged from 1.78 to 7.22 nmol/l and from 11.7 to 656.7 U/ml, respectively. 
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Table 1. Characteristics of depressed and non-depressed groups
Characteristics Depressed Non-depressed

Mean (SD) Mean (SD)
Demographic
Gender (% female) 73.3 73.3
Age 35.9 (10.5) 35.1 (8.4)
BMI 23.6 (4.5) 22.5 (2.8)
Smoking status (% smoking) 20.0 20.0
Highest completed education 
(0-4)

2.4 (0.5) 2.5 (0.5)

Daily schedule
Average bedtime work days 22:44 (0:56) 23:00 (1:10)
Average bedtime free days 23:25 (1:19) 23:53 (1:07)
Evening beep time PsyMate 22:06 (1:03) 22:15 (0:50)
Clinical
History (% with prior episodes) 66.7 6.7
BDI pre 30.8 (9.8) 2.4 (3.1)
BDI post 23.1 (14.4) 3.6 (4.3)
Biological
Average cortisol levels during 
study

3.92 (1.29) 3.50 (1.39)

Average α-amylase levels during 
study

224.1 (181.1) 173.9 (120.0)

Group comparisons 
Cortisol and α-amylase levels were signifi cantly higher and the ratio of α-amylase 
over cortisol was signifi cantly larger in the depressed than in the non-depressed group 
(Table 2). There was a trend towards a steeper daily cortisol slope in the depressed 
group (p=.075). Afternoon and evening cortisol levels were signifi cantly lower than 
morning levels. In contrast, α-amylase levels and the ratio of α-amylase over cortisol 
were signifi cantly higher in the afternoon and evening and increased over the month, 
while cortisol levels did not change signifi cantly. 

After controlling individual time series for lifestyle factors, the relationship between 
cortisol levels and depression status was no longer signifi cant, neither was the re-
lationship of depression to the ratio of α-amylase over cortisol (for an overview of 
the individual-specifi c infl uences of lifestyle factors on cortisol and α-amylase, see 
S3 Table and S4 Table, respectively). The association between depression status and 
α-amylase levels remained signifi cant. Furthermore, the relationship with the daily 
slope became signifi cant (see S5 Table, for the results of the mixed-model analysis 
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adjusted for lifestyle factors). 

Use of antidepressant medication (psychotropic drugs or Saint John’s wort) was 
positively associated with both cortisol (B=0.86, p<.001) and α-amylase (B=115.8, 
p<.001), and resulted in a reduced and non-signifi cant relationship of depression with 
cortisol (B=-0.09, p=.47) and α-amylase (B=-4.99, p=.76). Antidepressant medication 
had no infl uence on the daily cortisol slope (B=0.21, p=.45), or the α-amylase over 
cortisol ratio (B=-1.95, p=.70). 

Table 2. Results of multilevel analysis of relationship between depression sta-
tus and cortisol and α-amylase measures

Bootstrapped estimates (95% CI)
Fixed 
effects

Cortisol 
(nmol/l)

Alpha-amylase 
(U/ml)

Daily slope 
cortisol

Ratio α-amylase 
over cortisol

Intercept  6.55 
(6.20 – 6.90)**

125.2 
(108.6 – 141.9)**

-2.67 
(-2.91 – -2.43)**

24.0
(15.0 – 33.0)**

Depres-
sion

 0.30 
(0.04 – 0.56)*

54.8 
(33.2 – 76.4)**

-0.31 
(-0.65 – 0.03)†

12.2
(3.1 – 21.3)**

Time -0.00 
(-0.00 – 0.00)

0.3 
(0.1 – 0.5)**

0.00 
(-0.00 – 0.01) †

0.2
(0.0 – 0.3)*

Afternoon -3.61
(-3.89 – -3.32)**

55.2 
(43.7 – 66.7)**

- 58.7
(52.1 – 65.4)**

Evening -5.27 
(-5.55 – -5.00)**

38.9 
(27.3 – 50.4)**

- 173.1
(161.8 – 184.5)**

Note: CI= confi dence interval
* p<0.05; **p<0.01; †p<0.10

Matched comparisons
Depressed individuals had higher cortisol levels in more than half of the compari-
sons (60%), but had higher α-amylase levels, a steeper daily slope and a larger ratio 
of α-amylase over cortisol in less than half of the comparisons (47%, 40%, 40%; see 
S6 Table, for a listing of all matched comparisons). Adjustment for lifestyle factors 
led to slightly different percentages for these comparisons, ranging between 40% and 
53% (see S7 Table, for a listing of all matched comparisons). None of the percentages 
differed signifi cantly from chance (50%). 
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Characteristics of individual cortisol and α-amylase time series
Cortisol
The individual graphs revealed substantial interindividual differences in levels and 
variances of cortisol, both within and between the depressed and non-depressed group 
(Figure 1). Mean levels ranged from 1.8 to 7.2 nmol/l, and variances from 1.7 to 40.4. 
While in most individuals cortisol fl uctuated around a relatively constant mean level, 
in some individuals the levels signifi cantly increased (N7, N12, N13) or decreased 
(D1, D7, D13, D14) over the month. 

Cortisol levels were generally highest in the morning and lowest in the evening. How-
ever, for some individuals, the differences between afternoon and evening levels were 
less pronounced and non-signifi cant (D4, N5, D7, D8, N10, N15). For one individual 
(N1), afternoon levels were on average lower than evening levels.

Alpha-amylase
Also the individual graphs of α-amylase revealed substantial interindividual differ-
ences in levels and variances, both within and between the groups (Figure 2). Mean 
levels of α-amylase ranged from 12 to 657 U/ml, and variances from 30 to 191645. 
Time trends in α-amylase were found in several individuals (increase: D1, D2, D5, 
D8, N6, N11, N14; decrease: D10, N10). 

In most individuals, morning α-amylase levels were lowest, and afternoon levels were 
highest. However, in some individuals highest levels were found in the evening (D5, 
D6, D11, N3, N6, N8, N11, N12); in others (D3, D4, D9, N13) in the morning.
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DISCUSSION

This is the fi rst study to address the relationship between depression and cortisol and 
α-amylase secretion patterns in daily life by comparing group- and individual-level 
results. Our analyses suggest that cortisol and α-amylase secretion is related to de-
pression at the group level: on average, the depressed group showed somewhat higher 
cortisol, higher α-amylase levels, a steeper diurnal rhythm of cortisol, and a larger 
ratio of α-amylase over cortisol than the non-depressed group. However, generaliza-
tion of these fi ndings to individuals is troublesome, because a comparison of matched 
depressed and non-depressed individuals indicated that the differences within pairs 
were not consistent and frequently opposite to the group-level results. Further, visual 
inspection of the individual time series revealed substantial intra- and interindividual 
variation in cortisol and α-amylase secretion patterns, regardless of depression status, 
making it diffi cult to discriminate depressed from non-depressed individuals on the 
basis of their cortisol or α-amylase levels.

After individual-specifi c correction for lifestyle factors, the differences between the 
depressed and non-depressed group remained signifi cant with regard to α-amylase 
levels, and became signifi cant - previously there was a trend - with regard to the daily 
slope of cortisol. In contrast, the association of depression to cortisol and the ratio 
of α-amylase over cortisol disappeared. Hence, daily-life fl uctuations in cortisol and 
α-amylase, in particular due to lifestyle, are a potential source of inconsistencies in 
the present literature. We further found that antidepressant medication infl uenced cor-
tisol and α-amylase positively, and largely negated the relationship with depression. If 
anything, we expected a negative effect of antidepressant medication on the ANS (e.g. 
Shores, Pascualy, Lewis, Flatness, & Veith, 2001; Siepmann, Grossmann, Mück-Wey-
mann, & Kirch, 2003) and the HPA axis (e.g. Hernández et al., 2008; Vythilingam et 
al., 2004), although some studies also show mixed results (Manthey et al., 2011), but 
we could not explore this association further because of sample size limitations.

The signifi cant differences found at the group-level were not consistently replicated 
in the matched comparisons of depressed and non-depressed individuals. In fact, with 
regard to α-amylase, the daily slope of cortisol, and the ratio of α-amylase over cor-
tisol, the majority of comparisons were in the opposite direction of the group results. 
These discrepancies between the group- and individual-level results may be due to the 
presence of individuals with extreme values; two individuals (D4 and D6) had very 
high α-amylase levels compared to the other individuals (see Figure 2). These individ-
uals showed relatively high values throughout the month, meaning that these values 
were not simply outliers or due to measurement error. The high levels of these indi-
viduals may explain why on average the depressed group had higher α-amylase levels 
than the non-depressed group, while the majority of depressed individuals had lower 
α-amylase levels than their non-depressed match partner.

Extreme values in the sample are not the only reason for the divergence between the 
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fi ndings at the group and the individual level. Visual inspection of the individual time 
series of cortisol and α-amylase showed that the interindividual variation in levels and 
variances was remarkably large, especially in the light of the estimated group differ-
ences. Also the course over the month and daily rhythms were not consistent across 
individuals. This was especially true for α-amylase, where some individuals showed 
quite opposite daily rhythms from what is known to be typical (i.e. low morning 
values, which increase until the afternoon and stabilize thereafter (Out, Granger, 
Sephton, & Segerstrom, 2013). Thus, even with a sizeable number of measurements, 
all statistical parameters of the time series of cortisol and α-amylase were highly het-
erogeneous across individuals, both within and across groups, regardless of correction 
for lifestyle factors (see appendix S8 Fig and S9 Fig, for the lifestyle-adjusted time 
series). 

Most psychophysiological research into depression is group-based, and is performed 
under the assumption that what is found on average is also true in general, or at least 
true for the majority of individuals. The debate about the use of nomothetic research 
designs to fi nd generalities in individual functioning has been going on for some 
time (Lamiell, 1981; Lamiell, 1998; Robinson, 2011). Lamiell (1981) has argued that 
nomothetic studies show what holds among the participants on average, but do not 
reveal what is common to all of those participants. The reason is that obtained results 
certainly do not hold for at least some of the subjects and quite possibly do not hold 
for most of them. The fi nding that cortisol levels are not increased in all depressed 
individuals is not new, and has been acknowledged many times before (e.g. Sachar, 
Hellman, Fukushima, & Gallagher, 1970; Thase, 2009). But beyond that, our results 
exemplify that group results may not even hold for the majority of individuals. This 
calls for caution when generalizing group results to the individual level. Lamiell 
further argued that, since in psychology the objects of study are individual organ-
isms, persons should be the entity of study, not aggregates of persons. This requires 
idiographic studies with multiple repeated measurements that are replicated in many 
individuals to fi nd commonalities among them. A similar line of reasoning has been 
adopted by Molenaar and Campbell (2009), who argued that group results regarding 
processes that fl uctuate over time can hardly ever be generalized to the individual 
level, because this requires that statistical characteristics are invariant across subjects 
(homogeneity) and time (stationarity). If these so-called ergodicity assumptions are 
not met, the jump from the population to the individual level cannot be validly made. 

Our study had a number of limitations. First of all, we collected saliva using 
Salivettes®, which is, compared to the passive drooling technique, a theoretically 
suboptimal technique for assaying α-amylase. However, because the latter technique 
requires much practice and close monitoring, in ecological momentary assessment 
studies the Salivette® is still the preferred option (Rohleder & Nater, 2009). Further-
more, the highest inter-correlation between cortisol and α-amylase is found when 
measured 10-20 minutes apart, while we assessed cortisol and α-amylase simulta-
neously (Engert et al., 2011). This may have resulted in an underestimation of the 
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relationship between depression and the α-amylase/cortisol ratio. Also, because the 
assessment of lifestyle behaviors and saliva sampling happened simultaneously, the 
true direction of the relationship cannot be inferred. Therefore, both corrected and 
uncorrected results were considered to be informative, and hence, presented. Relating 
to this, we lacked information on quantities and exact timing of the factors, which, 
if available, might have improved the estimation of the effects of lifestyle factors. 
Another point is that several depressed individuals used antidepressants (see S2 Table, 
for a complete overview of medication and therapy use), which seemed to affect 
functioning of the stress system at the group-level, and may do so within individuals 
as well. Please note, however, that controlling for antidepressant medication reduced 
the association of depression with cortisol and α-amylase, not increased it, so a better 
control of medication use would not have changed our main conclusion that cortisol 
and α-amylase secretion patterns are highly subject-specifi c. Furthermore, because 
of the small sample size, it is diffi cult to disentangle effects of antidepressant use 
and remission; the latter, operationalized with the post-study BDI score, also reduced 
the association between depression and cortisol and α-amylase (see S11 Table). In 
addition, despite a strict matching protocol, some within-pair differences in BMI and 
age remained. A sensitivity analysis indicated that controlling for BMI or age did not 
infl uence the relationship between depression and cortisol and α-amylase measures at 
the group level (see S12 Table and S13 Table). However, it still might have infl uenced 
the results of the pair-matched comparisons. Other factors that we did not match on 
may have infl uenced the pair-matched comparisons as well. However, for practical 
reasons we confi ned our matching protocol to gender, age, BMI, and smoking be-
havior. Further, there was a small but signifi cant trend over the month for α-amylase 
at the group level. This is because for seven of the thirty individuals, there was a 
signifi cant positive time trend. We cannot discern whether these subjects became less 
strict with the sampling regulations or that they experienced more stressful events. 
Finally, we did not control for ultradian rhythmicity, which may have increased intra- 
and interindividual variability. However, real-time assessment of cortisol, which is 
necessary to assess ultradian rhythmicity, is currently only feasible for a maximum of 
24 hours (Bhake, Leendertz, Linthorst, & Lightman, 2013). Hence, the longer interval 
between the measurements was a trade-off with the long study period of 30 days.

CONCLUSIONS

To conclude, we combined a nomothetic and idiographic approach to study the rela-
tionship between cortisol, α-amylase, and depression in daily life. Our fi ndings at the 
group level were largely in line with what is considered ‘consensus’ in the literature. 
However, intra- and interindividual variability in cortisol and α-amylase was surpris-
ingly large, and the group results did not correspond well to the results at the individ-
ual level. Findings of studies on this topic should therefore be interpreted with care, 
because in clinical practice the focus is on individuals instead of groups. A bottom-up 
approach, in which relationships are studied within individuals over time and there-
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after compared between individuals to fi nd meaningful subgroups, may be a more 
promising method to detect (individual) stress-related mechanisms in depression.   
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SUPPORTING INFORMATION

S1 Text. ARMA modeling.

As an example, the initial ARMA model (Table A1 and A2 and Figure A1) and the 
fi nal ARMA model (Table B1 and B2 and Figure B1) for participant N13 are present-
ed below. The initial model contains dummy variables for morning and afternoon, 
as well as measurement number. As mentioned in the Methods section, dummy 
variables for time of day are always added because cortisol and alpha-amylase show 
daily rhythms. This is also true for this participant: cortisol is signifi cantly higher in 
the morning and afternoon, compared to the evening (reference category). In addi-
tion, measurement number is included to assess whether there is a time trend in the 
data. From the p-value it can be taken that this is indeed so. Hence, to render the 
series stationary, measurement number is maintained in the model. According to the 
Ljung-Box test, there is residual autocorrelation (p<0.05). This can also be seen from 
the autocorrelation function (ACF) (For more information regarding the difference 
between the ACF and PACF, please see Chatfi eld, C. The analysis of time series: an 
introduction. CRC press, 2013: Chapter 4). Specifi cally, at lag 3 there is autocorrela-
tion present, where the bar crosses the 95% confi dence interval. Therefore, the next 
step is to include an autoregressive (AR)3 term to the model. 

Table A1. Model Statistics
Model Number of 

Predictors
Model Fit 
statistics

Ljung-Box Q(18) Number of 
Outliers

Stationary 
R-squared

Statistics DF Sig.

corti-
solnmo-
lL-Mod-
el1

3 .525 31.588 18 .025 0

Table A2. ARIMA Model Parameters
Esti-
mate

SE T Sig.

corti-
solnmo-
lL-Mod-
el1

cortisoln-
molL

No Trans-
formation

Con-
stant

.288 .459 .628 .531

Meas-
urement 
number

No Trans-
formation

Numer-
ator

Lag 0 .024 .007 3.285 .001

Dummy 
morning

No Trans-
formation

Numer-
ator

Lag 0 4.132 .456 9.058 .000

Dummy 
afternoon

No Trans-
formation

Numer-
ator

Lag 0 1.278 .456 2.803 .006
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Figure A1. ACF and PACF plot.

Adding an AR3 term was suffi cient for removing residual autocorrelation. This 
individual step is not shown. Instead, the fi nal model is shown, where the lifestyle 
variables are also added. In the fi nal model, it can be seen that the infl uence of AR3 
on cortisol is signifi cant. Furthermore, the Ljung-Box test is no longer signifi cant, 
indicating that adding an AR3 term was successful to remove autocorrelation. This 
is also suggested by the ACF: there is no signifi cant autocorrelation at any lag. Five 
lifestyle variables were added to the model. These variables occurred >5 times during 
the study period. The infl uence of exercise is signifi cant at the p<0.10 level. No other 
variables have a signifi cant infl uence on cortisol.

Table B1. Model Statistics
Model Number of 

Predictors
Model Fit 
statistics

Ljung-Box Q(18) Number of 
Outliers

Stationary 
R-squared

Statistics DF Sig.

corti-
solnmo-
lL-Mod-
el1

8 .620 14.246 17 .650 0
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Table B2. ARIMA Model Parameters
Esti-
mate

SE T Sig.

cortisol
nmolL-
Model1

cortisoln-
molL

No Trans-
formation

Constant 1.015 .759 1.338 .185
AR Lag 3 .282 .110 2.560 .012

Meas-
urement 
number

No Trans-
formation

Numer-
ator

Lag 0 .026 .009 2.751 .007

Dummy 
morning

No Trans-
formation

Numer-
ator

Lag 0 3.618 .629 5.755 .000

Dummy 
afternoon

No Trans-
formation

Numer-
ator

Lag 0 .870 .638 1.365 .176

Caffeine 
use recent

No Trans-
formation

Numer-
ator

Lag 0 -.130 .565 -.230 .819

Cafeïne 
use recent

No Trans-
formation

Numer-
ator

Lag 0 -.652 .479 -1.362 .177

Calor-
ic-rich 
food 
recent

No Trans-
formation

Numer-
ator

Lag 0 .508 .417 1.220 .226

Other food 
recent

No Trans-
formation

Numer-
ator

Lag 0 -.455 .435 -1.045 .299

Exercise No Trans-
formation

Numer-
ator

Lag 0 -.773 .431 -1.791 .077
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Figure B1. ACF and PACF plot.
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S2 Table. Antidepressant medication/therapy use throughout the study period
ID Antidepressant medication Period
D1 Vitamin D3 50.000 IU Every week
D2 Light therapy Every Monday to Friday
D3 Oxazepam 30 mg Day 20 – 21 
D4 Imipramine 25 mg Day 1 – 30

Lithium 400 mg Day 1 – 30
D5 Escitalopram 20 mg Day 1 – 30
D6 Diazepam 5 mg Day 12 – 13
D7 Sertraline 25-75 mg Day 1 – 30 (increasing dosage)
D8 Amitriptyline 25 mg Day 23 – 30
D9 Quetiapine 300 mg Day 1 – 30

Multivitamins Day 1 – 30 (every other day)
Vitamin D 600 mg Day 1 – 30 (every other day)

D10 Mirtazapine 30 mg Day 1 – 30
D12 Quetiapine 200 mg Day 1 – 30

Venlafaxine 300 mg Day 1 – 30
D13 Sertraline 50 mg Day 1 – 28

Sertraline 150 mg Day 29 – 30
Quetiapine 25 mg Day 1 – 30

D14 St. John’s wort 900 mg Day 1 – 30
Oxazepam 50 mg Day 1 – 30

D15 St. John’s wort 900 mg Day 1 – 30
N13 Citalopram 20 mg Day 1 – 11
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S3 Table. Effects of lifestyle variables on cortisol

Note: + = Positive infl uence, - = Negative infl uence, White cells = Corresponding variable is 
not added to the ARMA model, because it was absent or present <5 times, Light green cells = 
Non-signifi cant positive infl uence, Middle green cells = Positive infl uence signifi cant at the 
p<0.05 – 0.10 level, Dark green cells = Positive infl uence signifi cant at the p<0.05 level, Light 
red/pink cells = Non-signifi cant negative infl uence, Middle red/pink cells = Negative infl uence 
signifi cant at the p<0.05 – 0.10 level, Dark red/pink cells = Negative infl uence at the p<0.05 
level, * = Corresponding variable is not added to the ARMA model, because it was always 
present (invariant) or co-varying with another variable.

ID 
 

Caffeine Caffeine 
(recent) 

Alcohol Alcohol 
(recent) 

Nicotine Caloric-
rich food

Other 
food 

Exercise Recent 
awakening

Depressed 
1 - + + -  - + +  
2 -  +  +    
3 * - - + * - - -  
4 - - + +  - +   
5     - + + - 
6 + -  -  + -  + 
7     -   + 
8   - +  + + + - 
9 - -   +  - - 
10 +  +  + - + + 
11 +    - - -  
12        - 
13 - -   + - + + 
14   + - + + - - - 
15     + +  + 

Non-depressed 
1 -       + 
2      -  + 
3 - - - - + + -  + 
4 - +   -   + 
5 +    + -  - 
6 - -  + - -  - 
7 - + + -  + + +  
8 +    +    
9 - - - +  - - +  
10 -    + +  - 
11     - - + - 
12 - + - +  + +  + 
13 - -   + + -  
14  -  - - -   
15 * - -  * + - + 
 



Cortisol and α-amylase secretion patterns in depression

71

S4 Table. Effects of lifestyle variables on alpha-amylase

Note: + = Positive infl uence, - = Negative infl uence, White cells = Corresponding variable is 
not added to the ARMA model, because it was absent or present <5 times, Light green cells = 
Non-signifi cant positive infl uence, Middle green cells = Positive infl uence signifi cant at the 
p<0.05 – 0.10 level, Dark green cells = Positive infl uence signifi cant at the p<0.05 level, Light 
red/pink cells = Non-signifi cant negative infl uence, Middle red/pink cells = Negative infl uence 
signifi cant at the p<0.05 – 0.10 level, Dark red/pink cells = Negative infl uence at the p<0.05 
level, * = Corresponding variable is not added to the ARMA model, because it was always 
present (invariant) or co-varying with another variable.

ID 
 

Caffeine Caffeine 
(recent) 

Alcohol Alcohol 
(recent) 

Nicotine Caloric-
rich food

Other 
food 

Exercise Recent 
awakening 

Depressed 
1 + - + -  - + +  
2 + +    -    
3 * + - + * - - +  
4 + + + -  - +   
5      - + - + 
6 + - * - + + -  - 
7      +   - 
8   - +  - - - - 
9 + -    +  - + 
10 -  +   + - + - 
11 -     + + -  
12         - 
13 - -    + + + - 
14   + - + + + + + 
15      - -  - 
Non-depressed 
1 + -       - 
2       -  - 
3 + - + + - - -  + 
4 +     +   + 
5 +     - -   
6 - +   + - -  + 
7 - + - -  - + -  
8 +     -    
9 + - + -  + + +  
10 +     + +  - 
11      + + - - 
12 + - - +  + +  - 
13 - -    - - +  
14  -   + - +   
15 +  * -   + - - 
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S5 Table. Results of multilevel analysis of relationship between depression 
status and adjusted cortisol and α-amylase measures

Bootstrapped estimates (95% CI)
Fixed 
effects

Cortisol 
(nmol/l)

Alpha-amylase 
(U/ml)

Daily slope 
cortisol

Ratio α-amylase 
over cortisol

Intercept  7.10 
(6.12 – 8.08)**

123.6 
(111.0 – 138.5)**

-2.65 
(-2.88 – -2.42)**

17.3
(-110.0 – 144.6)

Depres-
sion

 -0.13 
(-0.78 – 0.51)

44.8 
(28.0 – 61.6)**

-0.57 
(-0.88 – -0.27)**

62.2
(-120.7 – 245.1)

Time -0.00 
(-0.01 – 0.00)

0.3 
(0.1 – 0.5)**

0.00 
(-0.00 – 0.01)

-0.2
(4.0 – 3.5)

Afternoon -3.87
(-4.39 – -3.35)**

55.5 
(44.5 – 66.6)**

- 37.8
(-0.9 – 76.5)†

Evening -5.62 
(-6.58 – -4.65)**

43.9 
(33.0 – 54.9)**

- 306.5
(92.7 – 520.4)*

Note: CI=confi dence interval.
* p<0.05; **p<0.01; †p<0.10

S6 Table. Matched-pair comparisons of crude cortisol and α-amylase measures
ID Cortisol (nmol/l) Alpha-amylase 

(U/ml)
Slope cortisol Ratio α-amylase 

over cortisol
D           N D             N D            N D             N

1 2.74  >  1.78 107.8  <  161.6 -2.04  <  -0.56 39.4    <  90.8
2 2.40  <  2.55 78.8    >  69.0 -1.66  >  -2.06 32.8    >  27.1
3 2.53  <  4.79 153.1  >  127.4 -2.14  >  -4.25 60.5    >  26.6
4 4.30  >  2.65 656.7  >  222.0 -1.47  >  -1.51 152.7  >  83.8
5 4.99  <  5.28 282.4  <  378.5 -3.36  >  -5.02 56.6    <  71.7
6 4.80  <  7.22 579.3  >  105.3 -2.79  >  -4.47 120.7  >  14.6
7 3.39  >  3.16 357.0  >  52.3 -2.38  >  -2.81 105.3  >  16.6
8 4.49  >  3.11 51.8    <  103.5 -4.12  <  -1.53 11.5    <  33.3
9 3.14  >  2.97 99.3    <  156.5 -2.00  >  -2.29 31.6    <  52.7
10 6.40  >  4.14 53.6    <  96.8 -5.88  <  -3.14 8.4      <  23.4
11 2.28  <  3.86 180.7  <  414.3 -1.88  >  -2.94 79.2    <  107.3
12 5.00  >  2.62 234.7  <  304.4 -1.67  >  -2.17 46.9    <  116.2
13 5.18  >  3.14 193.3  <  275.2 -3.52  <  -2.04 37.3    <  87.7
14 4.68  >  2.52 143.7  >  130.1 -3.32  <  -1.83 30.7    <  51.6
15 2.46  <  2.69 189.6  >  11.7 -2.14  <  -1.75 77.1    >  4.4
Total      60% > 47% > 40% < 40% >

Note: D=depressed match, N= non-depressed match, >= bigger than, <=smaller than. 
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S7 Table. Matched-pair comparisons of adjusted cortisol and α-amylase meas-
ures
ID Cortisol (nmol/l) Alpha-amylase 

(U/ml)
Slope cortisol Ratio α-amylase 

over cortisol
D           N D             N D            N D             N

1c 3.05  >  1.70 86.1    <  161.7 -2.22  <  -0.39 28.2    <  95.1
2c 2.24  <  3.28 79.6    >  69.8 -1.93  <  -1.66 35.6    >  21.3
3c 2.74  <  3.40 159.4  <  164.6 -2.29  >  -4.01 58.2    >  48.4
4c 4.55  >  2.92 629.6  >  290.0 -2.09  <  -1.69 138.4  >  99.3
5c 4.32  <  5.39 275.3  <  418.4 -3.74  >  -5.19 63.7    <  77.6
6c 4.68  <  6.58 558.9  >  99.3 -2.55  >  -4.93 119.4  >  15.1
7c 3.14  >  3.07 356.4  >  56.9 -1.92  >  -2.90 113.5  >  18.5
8c 4.11  >  3.01 53.7    <  92.5 -4.23  <  -1.54 13.1    <  30.7
9c 3.23  <  3.59 114.0  >  108.9 -1.93  >  -2.36 35.3    >  30.3
10c 4.61  >  4.17 50.3    <  87.6 -6.22  <  -3.35 10.9    <  21.0
11c 2.89  <  4.00 171.7  <  362.5 -1.68  >  -2.80 59.4    <  90.6
12c 6.04  >  2.46 213.1  <  278.0 -3.22  <  -1.95 35.3    <  113.4
13c 5.74  >  3.96 197.4  <  312.9 -3.74  <  -1.82 34.4    <  79.0
14c 4.20  <  4.22 109.0  <  139.8 -3.77  <  -1.58 26.0    <  33.1
15c 2.17  <  2.61 212.9  >  11.1 -2.09  <  -1.75 98.1    >  4.3
Total c 47% > 40% > 60% < 40% >

Note: D=depressed match, N= non-depressed match, c= controlled for lifestyle factors, >= 
bigger than, <=smaller than. 
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S10 Table. Results of multilevel analysis of the relationship between depression 
status and crude cortisol and α-amylase, corrected for post-BDI score
Variables Bootstrapped estimates (95% CI)
Fixed effects Cortisol (nmol/l) Alpha-amylase (U/ml)
Intercept  6.54

(6.20 – 8.87)**
114.5
(97.5 – 131.6)**

Depression 0.13 
(-0.24 – 0.50)

2.8
(-21.8 – 26.1)

Post-BDI score 0.01 (-0.00 – 0.02) 2.8 (2.1 - 3.6)**
Time -0.00 

(-0.00 – 0.00)
0.3 
(0.2 – 0.5)**

Afternoon -3.61
(-3.88 – -3.34)**

55.2 
(43.6 – 66.7)**

Evening -5.27 
(-5.54 – -5.01)**

38.9 
(27.5 – 50.2)**

Note: CI=confi dence interval. BDI= Beck Depression Inventory
* p<0.05; **p<0.01; †p<0.10

S11 Table. Results of multilevel analysis of the relationship between depression 
status and crude cortisol and α-amylase measures, corrected for BMI
Variables Bootstrapped estimates (95% CI)
Fixed 
effects

Cortisol 
(nmol/l)

Alpha-amylase 
(U/ml)

Daily slope 
cortisol

Ratio α-amylase 
over cortisol

Intercept  7.22
(6.66 – 7.78)**

298.6 
(214.5 – 382.8)**

2.97 
(-6.34 – 0.39)†

29.5
(7.0 – 52.0)*

Depression 0.35 
(0.07 – 0.63)*

59.4
(37.9 – 80.8)**

-0.18
(-1.34 – 0.97)

12.6 
(3.0 – 22.1)*

BMI -0.03 
(-0.05 – -0.01)*

-7.6
 (-10.9 – -4.4)**

0.00 
(-0.14 – 0.14)

-0.25 
(-1.2 – 0.7)

Time -0.00 
(-0.00 – 0.00)

0.3 
(0.1 – 0.5)**

0.01 
(-0.01 – 0.02)

0.2
(0.0 – 0.3)*

Afternoon -3.61
(-3.88 – -3.34)**

55.5 
(44.5 – 66.6)**

- 58.7
(52.3 – 65.2)**

Evening -5.27 
(-5.54 – -5.01)**

43.9 
(33.0 – 54.9)**

- 173.1
(161.8 – 184.5)**

Note: CI=confi dence interval. BMI = Body Mass Index. 
* p<0.05; **p<0.01; †p<0.10
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S12 Table. Results of multilevel analysis of the relationship between depression 
status and crude cortisol and α-amylase measures, corrected for age
Variables Bootstrapped estimates (95% CI)
Fixed 
effects

Cortisol 
(nmol/l)

Alpha-amylase 
(U/ml)

Daily slope 
cortisol

Ratio α-amylase 
over cortisol

Intercept  6.60
(6.10 – 7.09)**

96.4 
(43.5 – 149.3)**

-3.72 
(-6.88 – 0.56)*

7.2
(-11.3 – 25.7)

Depression 0.30 
(0.23 – 0.57)*

54.8
(32.3 – 77.2)**

-0.19
(-1.26 – 0.87)

11.2 
(1.7 – 30.6)*

Age -0.00
(-0.01 – -0.01)

0.8
 (-0.6 – 2.2)

0.23 
(-0.06 – 0.11)

0.5 
(-0.0 – 0.1)

Time -0.00 
(-0.00 – 0.00)

0.3 
(0.1 – 0.5)**

0.01 
(-0.01 – 0.02)

0.2
(0.0 – 0.3)*

Afternoon -3.61
(-3.88 – -3.34)**

55.5 
(44.5 – 66.6)**

- 58.7
(52.2 – 65.2)**

Evening -5.27 
(-5.54 – -5.01)**

43.9 
(33.0 – 54.9)**

- 173.1
(161.7 – 184.5)**

Note: CI=confi dence interval.  
* p<0.05; **p<0.01; †p<0.10
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ABSTRACT

Associations between stress-related biomarkers, like cortisol or catecholamines, and 
somatic or psychological symptoms have often been examined at the group level. 
Studies using this nomothetic approach reported equivocal fi ndings, which may be 
due to high levels of intra-individual variance of stress biomarkers. More important-
ly, analyses at the group level provide information about the average patient, but do 
not necessarily have meaning for individual patients. An alternative approach is to 
examine data at the level of individual patients in so-called idiographic research. This 
method allows identifying individuals in whom symptoms are explained by preceding 
alterations in specifi c stress biomarkers, based on time series of symptoms and stress 
biomarkers. To create time series of suffi cient length for statistical analysis, many 
subsequent stress biomarker measurements are needed for each participant. In the 
current paper different matrices (i.e., saliva, urine, nail and hair) are discussed in light 
of their applicability for idiographic research. This innovative approach might lead 
to promising new insights in the association between stress biomarkers and psycho-
logical or somatic symptoms. New collection tools for stress biomarkers, like the use 
of sweat pads, automated microdialysis systems, dried blood spots, or smartphone 
applications, might contribute to the feasibility and implementation of idiographic 
research in the future.
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EXAMINING PSYCHONEURENDOCRINOLOGY AT THE LEVEL OF 
INDIVIDUALS

Since the last half of the previous century, stress-related peripheral biomarkers, like 
cortisol and catecholamines, have been examined in patients suffering from psy-
chological and somatic disorders (Tak et al., 2009b; Vogelzangs et al., 2010; Vr-
shek-Schallhorn et al., 2013). In these studies, it is generally assumed that alterations 
found at the group level are present in all individual patients. However, in order to 
generalize fi ndings at the group level to the level of the individual, two assumptions 
have to be met: 1) the study population has to be homogeneous, and 2) the processes 
under study should have a stable mean and (co)variance function over time (Mole-
naar, 2004). Regarding the fi rst assumption, studies provide evidence for signifi cant 
intra-individual heterogeneity with regard to the importance of stress biomarkers in 
disease (Kudielka et al., 2009; Tak et al., 2009a, 2009b). Differences between groups 
of patients and controls are often smaller than the differences within these groups. 
The second assumption, stability over time most likely does not hold for most stress 
biomarkers. Studies looking at within-individual stability of cortisol levels over time 
show large day-to-day fl uctuations, shifts in a person’s mean level over the course 
of days, and cyclical trends (Platje et al., 2013; Schubert et al., 2012). Moreover, 
the psychological processes to which these stress biomarkers are often linked are 
inherently unstable over time (Molenaar and Campbell, 2009). When the process 
under study violates the homogeneity and/or stability assumption, fi ndings at the 
population level cannot be generalized to the individual level. A new approach in the 
fi eld of psychoneuroendocrinology, adopted from fi elds such as econometrics and 
engineering, might aid overcoming these problems. This time-series method, which 
is an idiographic approach, aims at identifying relationships within individuals. The 
method can for example be used to link multiple repeated measurements (time series) 
of a suspected stress biomarker to somatic or psychological symptoms within a single 
patient. Such an approach provides information about a single patient and thus allows 
determining whether a biomarker is related to the symptoms in that particular patient. 
These analyses do not need a priori decisions about which variable is the determinant 
and which variable the outcome, implying that the effect of physiological alterations 
on symptom fl uctuations, and the effect of fl uctuations in symptoms on physiology 
can be modeled simultaneously. Therefore, idiographic research is ideally suited for 
the fi eld of psychoneuroendocrinology, in which it is often unclear whether physio-
logical alterations precede or follow the fl uctuation in symptoms in patients.

DIFFERENCES BETWEEN IDIOGRAPHIC RESEARCH AND 
NOMOTHETIC APPROACHES

The main difference between an idiographic and a nomothetic approach is that 
idiographic research aims to answer questions at an individual level (e.g. ‘Does an 
increase in cortisol level predict deterioration of mood in this participant?’), whereas 
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nomothetic research aims to answers questions at a group level (e.g. ‘Do participants 
with low mood have higher cortisol levels?’). The statistical power of idiographic 
analysis is determined by the number of observations obtained for each individual, 
whereas the power in nomothetic research is determined by both the number of partic-
ipants as the number of observations for each individual. While nomothetic research 
is possible with one observation for each individual, idiographic research requires 
as many observations as possible, as outlined in the next section (‘Assumptions for 
performing idiographic analyses’). Further, it is good to note that some potential 
confounders in nomothetic research do not apply to idiographic research. Factors that 
are stable within persons during the measurement period (such as age and sex) do not 
need to be taken into account in idiographic research, since analyses are performed 
within individuals. Differences between nomothetic and idiographic research with re-
gard to research questions, analytical differences, and practical issues are summarized 
in Table 1. 

A discussion of the plethora of statistical techniques for nomothetic and idiograph-
ic research is beyond the scope of the current paper. We will only briefl y address 
the differences between the idiographic and nomothetic approach. With nomothetic 
techniques, such as structural equation modeling, longitudinal data are processed at 
the group level to examine (bidirectional) relationships between variables. Nested 
subgroup analysis can be performed, by applying different models on subgroups of 
patients, but analyses are, in contrast to idiographic research, not performed at the 
individual level. Multilevel structural equation models allow differentiating between 
within-subject and between-subject variances. Although the within-subject vari-
ance allows the level and strength of the association (i.e. the random intercept and 
the slope) to differ between individuals, individual estimates are generated posthoc, 
relative to group estimates, and no signifi cance tests are provided for the individual 
estimates (Rovine & Lo, 2012). Moreover, assumptions are only tested at the group 
level and not at the individual level. Therefore, even multilevel structural equation 
modeling cannot defi ne whether changes in neuroendocrinological factors predict 
symptom increases or vice versa for individual participants, which is possible with 
idiographic analyses, such as time-series analysis. 

For further reading, we refer to standard introductory texts on time-series analyses 
(Chatfi eld, 2013; Durbin and Koopman, 2012), structural equation modeling (Bentler, 
1980) and multilevel modeling (Hruschka et al., 2005), and to papers on techniques 
such as vector autoregressive modeling (Rosmalen et al., 2012), unifi ed structural 
equation modelling (Gates et al., 2010; Kim et al., 2007), and convergent cross-map-
ping (Sugihara et al., 2012).
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Table 1. Di� erences between idiographic and nomothetic research with regard to 
psychoneuroendocrinologic research

Idiographic Nomothetic
Analysis level Individual level Group level
Research questions E.g. Does a rise in cortisol 

level predict deterioration 
of mood in this partici-
pant?

E.g. Do participants with 
low mood have higher 
cortisol levels?

Power Determined by number 
of observations for each 
individual

Determined by number of 
participants and number 
of observations for each 
individual

Number of data points 
for each participant

As high as possible, at least 
30 for vector autoregres-
sive analyses

Possible with one observa-
tion for each participant 

Confounders Factors that � uctuate 
within the measurement 
period (e.g. weather, 
stressful events, number of 
cigarettes smoked) 

Factors that di� er between 
participants (e.g. age, gen-
der, glucocorticoid sensi-
tivity, biological challenge) 

Practical consequences Data preferably equidis-
tant and stationary.
Highly intensive collection 
period, thus concessions 
have to be made to make 
collection feasible (e.g. no 
food intake 30 minutes 
before saliva sample)

Data do not need to be sta-
tionary or equidistant. 
Less intensive collection 
for individuals, thus less 
concessions (e.g. no food 
intake 2 hours before sali-
va sample)

Statistical techniques E.g. Vector autoregressive 
models, uni� ed structural 
equation models, dynamic 
models

E.g. Regression models, 
multilevel models, struc-
tural equation models

ASSUMPTIONS FOR PERFORMING IDIOGRAPHIC ANALYSES

Certain assumptions have to be met when performing time-series analyses. Most 
importantly, suffi cient data points need to be available for each individual, since 
in time-series analyses the number of observations gathered for each participant 
determines the statistical power to reveal an association. However, it is diffi cult to 
determine how many data points are exactly needed for time-series analyses. This is 
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because the direction of the associations and the timing of lagged infl uences in the 
system under investigation are usually unknown and bidirectional and feedback ef-
fects can be present as well. For example, a decrease in cortisol level might lead to an 
increase in pain, while at the same time an increase in pain might lead to an increase 
in cortisol level. These infl uences can be modeled simultaneously in time-series 
models. Further, estimation of more parameters or non-linear associations decreases 
power and increases the number of data points needed (Brandt and Williams, 2006). 
Time-series analyses described in the context of the current how-to paper are based on 
vector autoregressive models. These are linear models that can relate fl uctuations in 
symptoms, such as depression, fatigue, and pain, to preceding or subsequent fl uc-
tuations in stress biomarkers. The required number of observations to yield enough 
statistical power depends, like in nomothetic research, on measurement error and 
the strength of the relationship between the studied variables. However, in contrast 
to nomothetic research, the measurement error and strength of association ‘within’ 
and not ‘between’ participants is important, and therefore the number of observations 
needed might differ between individuals. Simulation studies have shown that linear 
vector autoregressive models provide valid results with 30 time points, although larg-
er numbers of observations yield more reliable results (Lütkepohl, 2007). Especially 
for stress biomarkers, which are normally infl uenced by many factors, larger numbers 
than 30 are recommended, such as the 63 samples used in the study of Schubert et 
al. (2012) or the 90 samples in the study of Bouwmans et al. (2014) and Booij et al. 
(2015). Regarding the sample frequency, psychological and somatic symptoms fl uc-
tuate in a time frame of hours to days and stress biomarkers in a matter of millisec-
onds to months. Sampling frequency depends on the frequency at which the studied 
biomarker fl uctuates. High-frequency biomarkers such as heart rate variability need to 
be sampled at a higher frequency (several times per second) than for instance sali-
vary cortisol (hourly) to discern meaningful patterns in their time series. The duration 
of the sampling period is determined by the biomarker that fl uctuates at the lowest 
frequency.

Two other assumptions are not absolutely necessary for time-series analysis, but ease 
statistical analysis, and diminish the number of data points needed. The fi rst is that 
data points need to be equidistant, meaning that the time period between observations 
is equal (Lütkepohl, 2007). Second, some statistical models require time series to be 
stationary, that is, have a stable mean and (co) variance function over time (Lütke-
pohl, 2007). 

SCOPE OF THIS HOW-TO PAPER

The assumptions of idiographic statistical models lead to specifi c requirements for 
collection of stress biomarkers that do not apply to nomothetic studies. In this paper, 
an overview is given of practical issues encountered while performing idiographic 
studies and their potential solutions. Most importantly, the total measurement period 
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is usually one to several weeks, during which data have to be collected one to several 
times a day. This intensive data collection period usually asks for measures that can 
be obtained ambulatory during the normal daily routines of participants. 
  
Many sources for ambulatory assessment of assumed stress-related biomarkers exist: 
blood (Monk et al., 2013), saliva (Kudielka et al., 2012), sweat (Cizza et al., 2008; 
Russel et al., 2013), urine (Schubert et al., 2003), hair (D’Anna-Hernandez et al., 
2011), nails (Warnock et al., 2010), breast milk (Patacchioli et al., 1992), feces (Eben-
sperger et al., 2013), and tears (Monk et al., 2013) can be used. Of these, saliva and 
urine are most widely used in ambulatory studies in humans. Also hair and nails are 
easy to collect and increasingly used. The focus of this methodological how-to paper 
will therefore be on stress biomarkers collected in saliva, urine, hair and nails. We 
will particularly focus on the stress biomarker cortisol, since it can easily be collect-
ed in different matrices, is quite stable at room temperature, and shows large with-
in-person fl uctuation. All these issues will be discussed in depth. To the best of our 
knowledge, only fi ve idiographic time-series studies have been published in the fi eld 
of psychoneuroendocrinology so far (i.e. Blackburn et al., 1987; Booij et al., 2015; 
Bouwmans et al., 2015; Schubert et al., 2003; Schubert et al., 2012). We will only 
discuss methodological issues related to these articles and not mention their results in 
this how-to-paper.

GENERAL PRACTICAL ISSUES

In light of the earlier recommendations, data is best collected at fi xed and equidistant 
intervals. This is most challenging for saliva, which should, given the high fl uctuation 
rate of salivary stress biomarkers, be collected on fi xed intervals during the day. For 
example, if samples are to be collected three times a day with eight-hour intervals, 
this could be at 8 a.m., 4 p.m., and midnight. However, this might interfere with the 
natural sleep-wake rhythm of some participants, and thereby reduce compliance and 
ecological validity. An alternative for the eight-hour interval would be to sample 
every six hours, for example, at 10 a.m., 4 p.m. and 10 p.m., without taking a fourth 
night sample at 4 a.m.. To indicate the relatively long interval between the evening 
and the morning sample a dummy variable can be included in the time-series analysis 
that marks the 10 a.m. samples. An alternative is to impute the 4 a.m. samples, based 
on previous cortisol levels, but these imputations might be imprecise, since cortisol 
night and day curves systematically differ. In our experience both methods can lead 
to different results. Unfortunately, no research has currently been performed to sort 
out the best method for systematically correcting for missing values in time series in 
psychoneuroendocrinology. In the fi eld of econometrics where stock market data for 
the weekend are always missing, including a dummy variable to indicate the Monday 
morning is standard practice (e.g. Gao & Wang 1999). If one is interested in fl uctua-
tions in the cortisol awakening response, a daily collection scheme can be provided to 
participants to obtain equidistant intervals. Equidistant intervals for pooled urine, hair 
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and nail samples are more feasible, since daily, weekly or monthly collection frequen-
cies can be used. Another assumption to bear in mind is the assumption of stationar-
ity. This implies that the association between the psychological parameter and stress 
biomarker of interest is stable during the measurement period. However, if stationari-
ty during the measurement period cannot be assumed, statistical methods exist which 
can take this lack of stationarity into account, such as non-linear or dynamical models 
(Sugihara et al., 2012). Alternatively, data can be processed to become stationary by 
for example applying fi lter techniques to remove linear or cyclical trends during raw 
data analyses. 

Further, biomarkers in stress research, such as cortisol and α-amylase, are infl uenced 
by several daily life factors that might be highly variable within individuals in the 
short term, for instance lifestyle factors, such as smoking. This implies that informa-
tion about such measures should be repeatedly collected as well. If registered proper-
ly, idiographic analyses can deal with and further scrutinize interindividual differenc-
es in the effects of these lifestyle factors by including them as covariates.  

One needs to bear in mind that fl uctuation of a biomarker over time constitutes both 
true within-individual change as well as measurement error (e.g. laboratory measure-
ment error). In order to detect meaningful relations between variables, “noise” (i.e. 
variation in the time series caused by analytical variation) needs to be kept to a min-
imum, and needs to be proportionally small compared to true change. Measurement 
error in the form of laboratory error (e.g. batch effects) or errors due to faulty storage 
applies to idiographic research as it does to nomothetic research. The difference is that 
in idiographic research it is much more important to prevent measurement error with-
in the time series of a single individual than to prevent measurement error between 
individuals, as statistical analysis is carried out at the within-individual level. We thus 
recommend to store samples of each individual separately, and to analyze all samples 
of one individual in one run in order to prevent batch effects within an individual 
time series. Moreover, it is thus particularly important for idiographic research that 
the intra-assay coeffi cient of variation of an analytical method is low. The intra-as-
say coeffi cient of variation (CV) is the standard deviation divided by the mean value 
after repeated measurement of the same samples within one run. It therefore refl ects 
the precision of an analytical technique. In Table 2, we have provided a referenced 
overview of reported intra- and inter-assay CVs for the analysis of urinary, salivary, 
and hair cortisol with Enzyme-Linked Immuno Sorbent Assay (ELISA) and liquid 
chromatography tandem mass spectrometry (LC-MS/MS) in relation to the test-retest 
correlation of the biomarker. It shows that analytical variation is within the range of 
5-10%. This variation is proportionally small compared to the test-retest correlation 
of the biomarkers in question. Internal standards can be used to create a separate time 
series, which can then be regressed on the time series of the stress biomarker in a 
multivariate time series model to account for measurement error in the data.
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Table 2.  Intra- and inter-assay coeffi cients of variation in cortisol 
concentration

Test-retest 
reliability

Intra-run 
CV 
Elisa

Intra-run CV 
LC-MS-MS

Inter-run 
CV 
Elisa

Inter-run CV 
LC-MS-MS

Salivary 
cortisol

0.16 & 0.54 
(Kirschbaum 
et al., 1990)

≤ 7% (Bio-
vendor Re-
search and 
Diagnostic 
products)

≤ 5% (Fus-
tinoni et al., 
2013)

≤ 10% (Bi-
ovendor Re-
search and 
Diagnostic 
Products)

≤ 5% (Fus-
tinoni et al., 
2013)

Urinary 
free cor-
tisol

0.69 - 0.72 
(Rosmalen et 
al., 2014)

≤ 7% (Alp-
co)

≤ 5% (Wood 
et al., 2008)

≤ 9% (Alp-
co)

≤ 5% (Wood 
et al., 2008)

Hair cor-
tisol

0.68 - 0.79 
(Stalder et 
al., 2012)

≤ 8% (St-
alder et al., 
2012)

≤ 8% (Chen 
et al., 2013)

≤ 8% (St-
alder et al., 
2012)

≤ 7% (Chen 
et al., 2013)

Further, although for instance cortisol is stable up to at least three freeze-thaw cy-
cles  (Barrett et al., 2005), not all analytes have good freeze-thaw stability. If several 
analytes are to be determined on different occasions, they can best be aliquoted into 
different tubes for separate storage. It should be realized that, when studying several 
biomarkers, this results in hundreds of samples and thus a large amount of freezer 
space for each individual, preferably at -80 °C. 

Finally, the matrix used to collect stress biomarkers, is partly determined by the idio-
graphic research question. This is because the optimal measurement frequency differs 
per matrix, depending on the time frame of the stress biomarker level that is assessed. 
A summary of the time frames of cortisol refl ected in different matrices is provided in 
Table 3. Salivary cortisol has been found to refl ect cortisol levels of the last couple of 
minutes to hours, and can therefore best be linked to psychological or somatic symp-
toms which fl uctuate within a timeframe of minutes or hours. Urinary cortisol (espe-
cially 12 or 24 h) refl ects cortisol levels during the past day and could therefore be 
related to daily psychological or somatic symptom fl uctuations. Cortisol assessed in 
hair refl ects cortisol levels during the past weeks or months and can therefore be as-
sociated with weekly to monthly fl uctuations in somatic or psychological syndromes. 
Examples of idiographic research questions related to each matrix are provided in 
Table 4.



Chapter 4

88

Table 3.  Time frames related to different stress biomarker matrices
Time 
frame

Level 
and type

Authors Year Marker Results Analysis 
method

Minutes Group
Observa-
tional

McLean 
et al.

2005 Salivary 
cortisol

Pain and cortisol levels 
in the morning were 
concurrently associated in 
patients with FM

Pearson’s 
correlation 

Minutes Group  
EMA

Sonnen-
schein et 
al.

2007 Cortisol 
awak-
ening 
response

Smaller CAR increase 
was associated with more 
exhaustion symptoms 
after waking up 

Mixed 
model

Minutes 
- hours

Group
EMA 

Van Eck 
et al.

1996 Salivary 
cortisol

Stressful events predicted 
subsequent cortisol levels; 
ongoing stressors predict-
ed current cortisol levels

Mixed 
model

Hours Group
Experi-
mental

Henckens 
et al.

2010 Cortisol 
supple-
menta-
tion

Cortisol supplementation 
desensitized amygdala 
responsivity rapidly (+/- 
75 min), and resensitizes 
amygdala responsivity 
slowly (+/- 285 min).

ANOVA 
and PPI

Days Individu-
al  Time 
series

Schubert 
et al.

2003 Urine 
cortisol 
12-hours

12-hour urine cortisol 
levels predicted antici-
pated stressful events one 
day later. Unanticipated 
stressful events predicted 
12-hour urine cortisol 
levels one day later

ARIMA

Weeks Group
Observa-
tional

Wei et al. 2015 Cortisol 
in hair

Cortisol in hair was 
signifi cantly higher in in-
dividuals with a fi rst epi-
sode, compared to healthy 
individuals and those with 
a recurrent episode. These 
differences were not 
present at baseline, before 
disease onset. 

ANOVA

Weeks - 
months

Group
Observa-
tional

Gao et al. 2015 Cortisol 
in hair

After the earthquake, 
cortisol levels increased 
6 and 22 weeks after. 
Decreased again 43 weeks 
after outburst. 

Repeated 
measures 
ANOVA

Note: CAR = Cortisol awakening response, ANOVA = analysis of variance, ARIMA = Autore-
gressive integrated moving average, PPI = Psychophysiological interaction, FM = Fibromyalgia
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Table 4. Comparison of different ways of collecting stress biomarkers for 
idiographic research

Fluctuations Research questions
Saliva Minutes to hours • Does an increase in salivary cortisol 

predict decrease in affect several hours 
later in this participant?

Urine (overnight, 
24-h)

Daily • Does overnight urine level predict ener-
gy level during the day in this partici-
pant?

Hair or nail Weeks to months • Is hair cortisol related to mood in this 
bipolar patient?

SALIVA COLLECTION

Saliva can be used to examine associations between stress biomarkers and fl uctua-
tions in somatic or psychological symptoms within a time frame of minutes to hours 
(see Kudielka et al. 2012 and Rohleder and Nater 2009 for extensive reviews about 
salivary cortisol and α-amylase, respectively). Many biomarkers in saliva are infl u-
enced by timing, e.g. salivary cortisol shows a circadian, ultradian, and infradian 
rhythm (Lightman and Conway-Campbell, 2010). If sampled frequently enough, these 
natural rhythms can be modeled. The most appropriate time frame of saliva collection 
depends on the fl uctuations a researcher aims to study and might differ from several 
times a day to once a day. Examples of biomarker fl uctuation rates in relation to suita-
ble research questions are provided in Table 4.

Practical issues
Saliva is obtained by chewing on a roll-shaped plain synthetic or cotton swab (which 
one is most suitable depends on the analyte measured), i.e. by use of Salivettes®. 
Whereas cortisol enters the saliva through passive diffusion, other analytes including 
alpha-amylase are actively transported. The latter process is infl uenced by chewing, 
implying that participants should not chew if one aims to collect actively transported 
molecules (Gröschl, 2008). When collecting saliva several times a day, compliance is-
sues might arise. Participants are not allowed to eat, drink, smoke or brush their teeth 
prior to sample collection, because food particles can contaminate saliva, which may 
subsequently lead to unreliable assay results (e.g. Gröschl et al. 2001). Beyond that, 
food intake itself may increase cortisol levels (e.g. Gibson et al. 1999). While some 
studies argue that these effects dissipate after 30 minutes (e.g. Smyth et al. 2013), 
other studies found that dissipation takes up to two hours (e.g. Hansen et al. 2008). 
Thus, ideally food intake should be restricted two hours before the sampling. Howev-
er, adding life style restriction to the sampling protocol interferes with normal daily 
life and in this way decreases ecological validity of the study. As a compromise, in 
line with Bouwmans et al. (2014) and Booij et al. (2015), food intake can be restricted 
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to 30 minutes in advance of the sample collection. In addition, information on food 
intake before the sample collection could be gathered and this information can be 
incorporated in the time-series models. A sampling schedule that suits the participant 
is essential to increase compliance, particularly if the schedule requests participants to 
get up at the same time every morning in order to obtain equidistant data. Participants 
could be designated personalized daily sampling schedules (again with predefi ned 
time points) depending on their sleep-wake rhythm, since cortisol levels depend on 
awakening time (Federenko et al., 2004). A benefi t of personalized sampling sched-
ules is that participants’ daily lives are less likely to be obtruded by the sampling, 
thereby increasing compliance of the participant and ecological validity of the study. 
Idiographic research is associated with specifi c problems with storage of samples. Al-
though cortisol remains relatively stable at room temperature for a period of at least 2 
days (Clements and Parker, 1998), cortisol is preferably stored in participants’ fridges 
or in a cool bag for transport during daily activities. Cortisol decreases at a more rapid 
rate when stored on a salivette compared to centrifuged samples both at room tem-
perature and at 4 °C (Garde and Hansen, 2005; Gröschl et al., 2001), and a signifi cant 
decrease starts to occur after 5 days (Garde and Hansen, 2005). Since centrifuging 
of the samples directly after collection is not feasible in this type of study, samples 
should be brought to the lab frequently to be centrifuged and frozen at -80 °C. 

Compliance
In one of our own studies (Bouwmans et al., 2014; Booij et al. 2015), we asked 
participants (n=30) to (anonymously) evaluate feasibility of their saliva collection. 
They performed these saliva collections three times a day for 30 days. Two state-
ments were rated by means of a visual analog scale (0 mm = fully disagree, 100 mm = 
fully agree). The fi rst statement ‘Saliva sampling always took place at the prescribed 
moment’ was given an average rating of 82 mm. The second statement ‘I found it 
diffi cult to refrain from eating or drinking anything (except water) for half an hour 
prior to saliva sampling’, was given an average rating of 31 mm. The average per-
centage of missing saliva samples in this study was 4.0%. Thus, compliance with this 
protocol seems high and the proportion of missing data was low. Compliance might 
have been enhanced by two strategies in this study. First, participants who completed 
the 30-day protocol received a personal feedback report on the psychological data 
they provided in the diary. Second, the fee that they received depended on the number 
of measurements that they completed, with more completed measurements resulting 
in a higher fee. These factors may have contributed to the seemingly high compliance 
rates. Compliance might be further enhanced by use of Medication Event Monitor-
ing System (MEMS) Track caps, which provides information about sampling times 
(Kudielka et al., 2003). This device can store up to 3800 events, has a 36 months 
battery life, and can transport data on compliance wirelessly to the researcher. Incor-
porating these sampling times in statistical models will improve the estimates derived 
from these models. 
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Urine collection
24-Hour urine collection provides an integrative measure of stress biomarkers, like 
cortisol output, that is not disturbed by circadian or ultradian rhythms. 24-Hour urine 
samples can be used to examine the association between stress biomarkers and daily 
fl uctuations in psychological or somatic symptoms. Table 4 provides an example of a 
research question.  

Practical issues
Collecting 24-hour urine samples for idiographic research requires a huge effort of 
participants, since they have to collect all their urine during a period of several weeks. 
Women might not appreciate collecting their urine during their menstrual period, but 
this period is typically included in the measurement period of idiographic research, 
which usually takes at least one month in case urine samples are collected. In our 
experience, it is helpful to mention and discuss the practicalities of urine collection 
before the start of the study. 

Urinary cortisol can be collected in urine containers that can be stored outside the 
fridge for a period of at least 24 hours (Gouarne et al., 2004). The containers should 
therefore be collected on a regular basis. To reduce the burden of urine collection, 
some nomothetic studies assessed cortisol in overnight urine samples instead of in 
24-hours samples (e.g. Castro-Diehl et al., 2014, Mitchel et al., 2010). Although this 
method is less burdensome, it might be not as informative as cortisol assessment in 
24-hour collection, since effects of daily hassles, alternating affect, and uplifts on 
cortisol are especially expected during the day (e.g. Luecken et al. 1997).

The measurement of urinary catecholamines in 24-hour urine in idiographic studies 
is more problematic than that of cortisol for two reasons. First, it is diffi cult to con-
trol for the infl uence of diet on catecholamine levels. A diet rich in fruits and nuts for 
instance can lead to a 1.5 fold increase in urinary free dopamine and norepinephrine 
levels (Ausman et al, 2008). Adjusting for this would require detailed diet diaries for 
the entire assessment period, which poses an extra burden on participants. Second, 
catecholamines are unstable molecules which are easily oxidized. At room tempera-
ture, a drop in epinephrine and norepinephrine levels of 28% and 39% respectively is 
to be expected in the course of 24 hours (Gouarne et al., 2004). The speed of degrada-
tion varies widely between individuals (Gouarne et al., 2004; Willemsen et al., 2007) 
and was shown in one study to depend on the urinary pH (Gouarne et al., 2004). The 
urinary pH itself depends heavily on diet (Ausman et al., 2008) and can thus also 
fl uctuate within the day and from day-to-day at a within-individual level. Although it 
is true that the degradation of catecholamines can be prevented by acidifying the urine 
samples to a pH <4 with hydrochloric acid, this is diffi cult to accomplish outside 
a laboratory setting. Pre-adding acid to the collection container would expose par-
ticipants to the potential harm of coming into contact with highly acidic fl uid when 
the container is still relatively empty. Cooling the sample to 4 °C is also a good way 
of preserving catecholamine levels for 24 hours, but this is generally not feasible. 
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Non-compliance with the cooling protocol is detrimental for the reliability of the 
catecholamine measures and compliance cannot be verifi ed afterwards. Therefore, the 
only practically feasible way of measuring urinary catecholamines in an idiographic 
study might be to collect overnight urine samples (i.e. from the time of going to bed 
until the fi rst morning void.

Compliance 
Compliance to urinary collection is often checked by measuring creatinine excretion 
(e.g. Luecken et al., 1997). However, previous studies found that this method is not 
suffi cient to exclude incomplete urine samples (De Keyzer et al., 2012). Moreover, 
there is considerable within-individual variability in day-to-day creatinine excretion. 
A review article mentions a within-subject CV ranging from 3-20% with an average 
of 10% (Boeniger et al., 1993). This is also the case for studies checking complete-
ness with para-aminobenzoic acid administration that found an average within-person 
CV of 10% (Bingham et al., 1988). This variation is quite understandable as creati-
nine excretion depends not only on turnover from the lean muscle mass, but also on 
dietary (meat) intake, exercise, hydration status and protein loading as the latter two 
change the glomerular fi ltration rate  (Perrone et al., 1992). In one of our own idio-
graphic studies, 10 (3 males, 7 females) healthy participants collected their 24-hour 
urine for 63 consecutive days. Samples were collected at participants homes every 
two days, after which they were stored at -80 °C. Urinary creatinine was measured 
with the creatinine plus enzymatic assay on the Roche Modular. The intra-run coef-
fi cient of variation was 0.9% and the inter-run coeffi cient of variation was 2.4 %. All 
samples of one participant were analyzed in one run. Each participant showed consid-
erable day-to-day fl uctuations in total creatinine output (Figure 1). As this variation 
was either normally distributed around the mean or slightly positively skewed, we 
assume, in accordance with other studies (Bingham et al., 1988; Boeniger et al., 1993; 
Perrone et al., 1992), that this concerns mostly natural physiological variation. In line 
with the idiographic nature of the study, we decided to exclude samples from statis-
tical analysis if the 24-hour creatinine output was lower than 2 standard deviations 
from the person’s own mean, instead of looking at between-person variations as an 
estimate for 24-hour urine completeness. To increase compliance, we informed our 
participants of the fact that we use urinary creatinine to check the completeness of 
each 24-hour urine sample, and provide a fi nancial incentive for every compliant day.
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Figure 1. Urinary creatinine of 10 healthy individuals
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COLLECTION OF HAIR OR NAILS

Stress hormones can be measured in keratinized matrices such as hair and nails. The 
state of the art with regard to measuring cortisol in hair and its relationship to psy-
chosocial stress and mental illness has recently been reviewed elsewhere (Stadler and 
Kirschbaum, 2012; Staufenbiel et al., 2013). Likewise, nail biology has extensively 
been reviewed elsewhere (de Berker et al., 2007; Palmeri et al., 2000) albeit not with 
respect to psychoneuroendocrine research. To our knowledge, only one psychoneu-
roendocrinological study has currently reported on the use of fi ngernails, indicating 
higher cortisol levels in nails during a stressful period (Warnock et al., 2010). Since 
samples taken from hair and nails represent biomarker levels in the past weeks or 
months, they can be linked to weekly or monthly fl uctuations in psychological or 
somatic factors. Hair and nail samples are suitable methods for idiographic research if 
one is interested in long-term effects and willing to follow-up an individual during a 
period of months to years. For example, hair or nail samples can be used to examine 
whether fl uctuations in cortisol level predict manic or depressed episodes in bipolar 
patients, see Table 4. 

Measuring stress biomarkers in hair
Hair samples can be obtained both by cutting or shaving the hair as closely to the 
scalp as possible. By shaving or cutting exactly on the same spot on the scalp at 
predefi ned time intervals equidistant time intervals can be obtained. For idiographic 
research, a sample frequency of once a month is feasible, since hair grows on average 
about 1 cm each month (Wennig, 2002). Collecting a bundle of hair repeatedly instead 
of retrospectively will increase the precision of the estimated time period represented 
by each hair segment, since individual differences in growth rate can be accounted 
for (LeBeau et al., 2011). A more accurate estimation of this represented time period 
is helpful if it is relevant to take into account seasonal effects (Randall and Ebling, 
1991) and hormonal infl uences (Randall, 2008), which are known to infl uence cortisol 
concentrations in hair. Moreover, obtaining ‘fresh’ hair samples repeatedly avoids 
the so-called wash-out effect in which cortisol concentrations progressively decrease 
in older more distal hair segments, possibly due to repeated washing (Hamel et al., 
2011), as has been noted in several studies (D’Anna-Hernandez et al., 2011; Gao et 
al., 2010; Kirschbaum et al., 2009). Finally, assessment of hair by shaving will result 
in more reliable results than by cutting, since differences between investigators in 
cutting accuracy are large. Cutting closely to the scalp proves to be diffi cult even for 
experienced investigators, leaving an average length of 0.8 cm of hair behind on the 
scalp (LeBeau et al., 2011). 

Measuring stress biomarkers in nails
Growth rate of fi ngernails is approximately 0.1 mm per day or 3 mm per month (de 
Berker et al., 2007), but varies widely between individuals from 2 to 4.4 mm per 
month (Gupta et al., 2005). A within-individual study showed that the nail growth rate 
increased with temperature and declined with age (Bean, 1980). Based on this study, 
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seasonal effects should thus be taken into account in idiographic studies. The hand 
and fi ngers from which the nails are taken need to be standardized within the study, as 
growth rate differs both between hands and between different fi ngers (Dawber, 1970). 
At least 1 mg of fi ngernails is required for measuring cortisol in fi ngernails (Ben 
Khelil et al., 2011). The use of nail clippings of only one thumb yielded suffi cient 
material for LC-MS/MS analyses, on average 5.7 mg (Ben Khelil et al., 2011).  
Participants should clip their fi ngernails as short as they can on the fi rst day, and again 
at predefi ned time intervals throughout the duration of the study. In our experience, 
weekly sampling yields unacceptably small amounts of nail samples in most partici-
pants, whereas two-weekly intervals were suitable. Participants can be provided with 
a nail clipper surrounded by a plastic enclosure capturing the nail inside the clipper, 
or instructed to clip their nails securely in a Ziploc plastic bag. Nails can be stored at 
room temperature (Daniel et al., 2004) into micro tubes. 
It is currently unclear whether the use of cosmetic nail products infl uences hormone 
levels in nails. Although there is some evidence that the hormone levels in nails are 
not infl uenced by nail polish (Ben Khelil et al., 2011), the use of nail polish during 
idiographic studies is not recommended until more solid research has been performed.

LIMITATIONS OF IDIOGRAPHIC RESEARCH

One of the limitations of idiographic research is that it is not possible to examine the 
relationship between alterations in affect and biomarkers if someone’s affect is quite 
stable during the research period. However, affect and mood normally show daily and 
weekly fl uctuations, even in depressed individuals (Bylsma et al., 2011, Peeters et 
al., 2003, Gordijn et al., 1994), so lack of fl uctuation is probably only a problem in a 
small subset of study participants. One might wonder whether these daily and weekly 
fl uctuations in mood are clinically relevant, since psychiatric diagnoses such as major 
depressive disorder are assumed to be relatively stable over time. Nevertheless, pre-
vious studies showed that these short-time fl uctuations can predict the progression of 
psychiatric diseases like depression, and thus can provide clinically relevant informa-
tion (see for example Kuppens et al., 2012 and Van der Leemput et al., 2014). 
Further, since many biological samples are needed for each participant, idiographic 
research might not only be burdensome for the participant, but is also quite expensive. 
However, these high costs do also apply to other methods in clinical practice, such as 
MRI research. To reduce the costs of statistical analyses, a software package called 
‘AutoVAR’ has been developed by our research group (Emerencia et al, in press), 
which performs automated autoregressive analyses. 

THE RELEVANCE OF IDIOGRAPHIC RESEARCH IN THE FIELD OF 
PSYCHONEUROENDOCRINOLOGY

Idiographic research provides very rich datasets that can provide crucial information 
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for clinical practice. Idiographic research can for instance be used to detect whether 
a change in salivary cortisol level predicts worsening of fatigue in a specifi c patient, 
and might thus be used to get more insight into mechanisms contributing to specifi c 
symptoms. This ultimately might preclude the use of standard reference values, based 
on average biomarker levels in the population, and lead to reference change values 
for individuals instead. For generalizable knowledge development we believe that the 
idiographic and nomothetic approach can best be combined. For example, it might be 
interesting to perform idiographic research in a longitudinal multiwave cohort study, 
combining widely spaced measurements with occasional intensive collection periods 
(i.e. measurement bursts), see Sliwinski (2008). Estimates (coeffi cients) of physiolog-
ical stress responsiveness obtained from idiographic analyses of salivary or urinary 
cortisol can also be used as between-individual predictors of hair cortisol slopes in for 
instance multilevel models. Such an approach enables testing whether persons with 
higher physiological stress responsiveness have greater ‘wear and tear’ of the stress 
responsive systems than persons with lower physiological responsiveness, as hypoth-
esized by the allostatic load theory (McEwen and Seeman, 1999).

FUTURE DIRECTIONS

Since ecological assessment becomes increasingly popular, collection methods for 
stress biomarkers more suitable for daily life are expected to become available. Re-
cently developed cutaneous sweat patches (Marques et al., 2010) might be an exam-
ple of a new collection method. Sweat patches can be attached to the skin and collect 
data about stress biomarkers for 24 hours. Therefore, this method might, just like 
24-hour urine collection, overcome problems with circadian rhythm. Compliance of 
proper self-application of the sweat patch is high (Marques et al., 2010). Participants 
just have to replace the sweat patch every day and store them in their fridge (Marques 
et al., 2010). After collection, stress biomarkers can be detected by recycling immu-
noaffi nity chromatography (RIC) coupled with laser-induced fl uorescence. Although 
this method seems promising, the patches are not yet available for commercial use 
and the method awaits replication. Another recently developed method is a portable 
automated sampling system which combined with microdialysis, is capable of sam-
pling subcutaneous tissue free cortisol for a period of 24 hours (Bhake et al., 2013). 
Also dried blood spots, which are drops of capillary whole blood that are collected 
from fi nger sticks, can be used for minimally invasive collection of blood samples 
in daily life (e.g. McDade, 2014). Finally, smartphone applications might ease eco-
logical assessment of stress biomarkers in the future. For example, a urinary dipstick 
has been developed, that changes color based on hormone levels in urine. This color 
change can be quantifi ed by a smartphone application. Validation of such method is 
required before incorporating such methods in research. These less invasive collection 
methods are essential for successful idiographic research, since idiographic research 
is generally more burdensome for participants than nomothetic research, given the 
large number of repeated samples needed for each participant.
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CONCLUSION

Almost all studies investigating psychological phenomena and their relation to stress 
biomarkers examine between-individual variation, implicitly assuming that inferenc-
es made at a population level refl ect within-individual change. This assumption is 
untenable when a group of people is not homogeneous or when a process is not stable 
over time. Such processes can be studied at the within-individual level by multiple 
repeated measurements, creating time series of the variables of interest. Idiographic 
analyses, adopted from fi elds such as engineering and econometrics, are useful to 
quantitatively examine data of individual patients. These techniques require many 
repeated subsequent stress biomarker and symptom measures in individual patients, 
which has several practical consequences. Urinary and saliva samples can be used to 
examine associations with stress biomarkers and short-term fl uctuations in psycho-
logical measures, whereas hair and nail samples are more suitable for psychological 
measures characterized by long-term fl uctuations. In the current paper, we have dis-
cussed the practicalities of collecting stress biomarkers using these various matrices 
for idiographic research. Collecting such data requires signifi cant effort from both the 
participant and the researcher, but can lead to promising new insights in the associ-
ation between stress biomarkers and psychological or somatic symptoms. The main 
focus of the article was on the stress biomarker cortisol. We did not discuss immune 
stress biomarkers in the current article, because we believe it is beyond the scope of 
the current paper. Nonetheless, it should be noted that immune biomarkers are very 
suitable for idiographic analyses. Immune biomarkers do not only show large fl uctu-
ations over time (Haberkorn et al., 2013; Schubert et al., 2012), but have also shown 
to be good predictors of physical and sometimes even mental illness (e.g., Dahl et 
al., 2014). To test the clinical relevance of idiographic research, intervention studies 
should be performed. For example, it can be examined whether hydrocortisone ad-
ministration is especially effective in fatigued patients for whom idiographic analy-
ses show that decreases in cortisol levels predict higher fatigue levels. So, although 
idiographic research in psychoneuroendocrinology seems promising, further research 
is needed to test its clinical relevance.
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ABSTRACT

Objectives
Cortisol levels have been related to mood disorders at the group level, but not much 
is known about how cortisol relates to affective states within individuals over time. 
We examined the temporal dynamics of cortisol and affective states in depressed and 
non-depressed individuals in daily life. Specifi cally, we addressed the direction and 
timing of the effects, as well as individual differences. 

Methods
We monitored 30 pair-matched depressed and non-depressed participants (aged 20 - 
50 years) three times a day for 30 days in their natural environment. The multivariate 
time series (T=90) of every participant were analyzed using vector autoregressive 
(VAR) modeling to assess lagged effects of cortisol on affect, and vice versa. Con-
temporaneous effects were assessed using the residuals of the VAR models. Impulse 
response function analysis was used to examine the timing of effects.  

Results
A signifi cant relationship between cortisol and positive or negative affect was found 
in the majority of the participants, but the direction, sign, and timing of the relation-
ship varied among individuals.

Conclusion
This approach proves to be a valuable addition to traditional group designs, because 
our results showed that daily life fl uctuations in cortisol can infl uence affective states, 
and vice versa, but not in all individuals and in varying ways. Future studies may ex-
amine whether these individual differences relate to susceptibility for or progression 
of mood disorders.
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INTRODUCTION

The hypothalamic-pituitary-adrenal (HPA) axis adapts the body to stress condi-
tions by mobilizing energy and inhibiting non-emergency processes such as sleep, 
sexual activity, and growth (Chrousos, 2009). This system is vital for survival, and 
also thought to play an important role in the onset and progression of depression 
(e.g. Holsboer & Ising, 2010). By some, the HPA axis is even referred to as the fi nal 
common pathway for most of the symptomatology of depression (e.g. Bao, Meynen, 
& Swaab, 2008). This proposition is supported by the indirect evidence that stressful 
life events, which are capable of triggering the HPA axis, often precede depressive 
episodes (e.g. Kendler, Thornton, & Gardner, 2000). 

Cortisol is an end product of the HPA axis. Because of its numerous targets in the 
body, among which brain areas involved in emotional reactivity, it is much researched 
in the context of depression. Many of these studies have been observational, of which 
the results were assessed in a meta-analysis by Stetler and Miller (2011). They con-
cluded that, overall, there seems to be a tendency towards increased cortisol levels 
in depressed samples, albeit with considerable heterogeneity between studies. Ob-
servational studies with a single or a few measurements are useful to detect general 
patterns and traits in the population. However, cortisol has a highly dynamic nature 
(e.g. Booij et al., 2015), and the negative affect experienced by depressed individuals 
shows daily and context-dependent variation as well (e.g. Myin-Germeys et al., 2009; 
Wirz-Justice, 2008). Hence, these studies do not reveal information about the dynamic 
relationship between cortisol and depressive symptoms in daily life (Hamaker, 2012).
 
Peeters et al. (2003a) studied associations between negative affect and cortisol in 
daily life using an experience sampling protocol (ESM) (Csikszentmihalyi & Larson, 
1987). Besides having high ecological validity, ESM has the added benefi t that the 
small time interval between measurements reduces recall bias (de Vries & Csikszent-
mihalyi, 2006; Telford, McCarthy-Jones, Corcoran, & Rowse, 2012). In short, Peeters 
et al. found that negative affect was related to higher cortisol levels in the healthy but 
not the depressed group. Van Eck et al. (1996) did a similar study in healthy individ-
uals with low and high levels of perceived stress, including measures of both positive 
and negative affect. Regardless of the perceived stress level, they found a positive 
association between negative affect and cortisol, and no associations with positive 
affect. In a larger sample from the general population, however, Smyth et al. (1998) 
did fi nd a negative association between positive affect and cortisol. 

The design and analytical methods that were used in these studies did not allow 
statistical inference about the direction of the relationships. Experimental evidence 
showing that exposure to stressful situations increases cortisol levels (Dickerson & 
Kemeny, 2004; Kirschbaum & Hellhammer, 1989) favors the idea that increases in 
negative and/or reductions in positive affect precede increases in cortisol. As such, in 
many ESM studies the results are interpreted in this way (e.g. Adam, 2006; Peeters, 
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Nicholson, & Berkhof, 2003b; van Eck et al., 1996). On the other hand, studies in rats 
have shown that increased cortisol levels may precede increases in negative affect 
(Lightman & Conway-Campbell, 2010). Thus, the relationship may also be reversed 
to what is generally assumed, or reciprocal. To our knowledge, no study has examined 
the temporal aspects of the relationship between affect and cortisol in detail, that is, 
including the direction of the effects, potential feedback loops, and the time period 
over which the effects take place.

Recently, sophisticated regression techniques for the analyses of time-series data have 
become available in the fi eld of psychiatry. These techniques are suitable for explain-
ing variance within single individuals instead of variance in the population. With 
suffi cient data points (T>60), time-lagged associations between variables as well as 
the temporal ordering of the effects can be assessed in detail, at the level of the indi-
vidual. Moreover, so-called ‘impulse-response functions’ can be used to predict how 
an increase in one variable can work through the system over time to result in dynam-
ic changes in other variables. This approach can reveal the timing and direction of the 
effects, as well as possible feedback loops (Brandt & Williams, 2007).

Adopting an intensive time-series approach has another benefi t. Because individuals 
are examined one by one, individual differences that would go unnoticed in group 
designs can be revealed. Depression can present very differently in different indi-
viduals, with regard to both symptoms and severity (van Loo, de Jonge, Romeijn, 
Kessler, & Schoevers, 2012). In addition, various studies suggest that only a subgroup 
of depressed individuals has increased cortisol levels (Lamers et al., 2012; Sachar, 
Hellman, Fukushima, & Gallagher, 1970), and that another subgroup even seems to 
show the opposite association (Booij, Bouma, de Jonge, Ormel, & Oldehinkel, 2013; 
Oldehinkel et al., 2001). Because of such heterogeneity, associations at the group 
level may be small and seemingly irrelevant, whereas in certain individuals the asso-
ciation may be large and meaningful. The present study complements the available 
literature in a unique way by examining the temporal dynamics of cortisol and mood 
in daily life, and potential individual differences therein. For this purpose, we adopted 
an intensive time-series approach in which we monitored 30 pair-matched depressed 
and non-depressed participants three times a day for 30 days in their natural environ-
ment.

METHODS
 
Participants
The sample was part of the ‘Mood and movement in daily life’ (MOOVD) study, 
which was set up to investigate the dynamic relationship between physical activity 
and mood in daily life, and the role of several biomarkers therein. Participants (age 
20-50 years) were intensively monitored in their natural environments for 30 days, 
by means of electronic diaries, actigraphy, and saliva sampling, resulting in a total 
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of 90 measurements per individual. Of the 62 participants who started the study, 4 
participants dropped out early. Another 4 participants completed the study but did 
not have enough valid physical activity or diary measurements (T<60). This could 
be due to non-compliance, technical problems, or protocol violations. This left 54 
participants for further study. Participants with and without a depressive disorder were 
pair-matched on gender, smoking, age, and BMI. The present study was based on the 
subsample for which cortisol and α-amylase concentrations had been determined, 
consisting of 15 matched pairs. We discarded the data of one depressed participant be-
cause of extreme values of cortisol, presumably due to a chronic infection, leaving 29 
participants for the analysis. Pairs are numbered 1-15; numbers with a D refer to the 
depressed participants, and numbers with an N refer to the non-depressed participants. 

The participants were screened for depressive symptomatology by means of the Beck 
Depression Inventory (BDI-II: Beck, Steer, & Brown, 1996), and for several other 
health conditions by means of a general health questionnaire. Individuals with a BDI 
score >14 or <9 were invited for an inclusion interview, which covered the Compos-
ite International Diagnostic Interview (World Health Organization, 1990), several 
questionnaires, and a briefi ng in which the use of equipment and the daily diary was 
explained. Depressed individuals were included if they had a BDI score of >14 and a 
DSM-IV diagnosis of Major Depressive Disorder (current episode or in remission for 
no longer than 8 weeks). Non-depressed individuals were included if they had a BDI 
score of <9 and were free of mood disorders at the moment of inclusion. Individuals 
with a current or recent (within the last two years) psychotic or bipolar disorder were 
excluded. Individuals who reported chronic somatic illnesses or medication use that 
may directly infl uence functioning of the HPA axis or the ANS were excluded as well 
(antidepressant medication was allowed). Other reasons for exclusion were pregnancy 
and signifi cant hearing or visual impairments. All participants gave written consent 
and the MOOVD study design was approved by the local Medical Ethical Committee. 

Ambulatory sampling
The participants completed questionnaires on an electronic diary, the PsyMate® 
(PsyMate BV, Maastricht, The Netherlands) (Myin-Germeys, Birchwood, & Kwapil, 
2011) for a total of 32 days, whereof the fi rst two days served to get familiar with the 
device. The electronic diary questionnaire contained 60 items on mood, cognition, 
and daily activities. The PsyMate was programmed to generate beeps at three prede-
termined moments a day at equidistant time points: in the morning (mean≈10 AM), 
six hours later in the afternoon (mean≈4 PM), and again six hours later in the evening 
(mean≈10 PM). This time-contingent approach was chosen to allow the application of 
time-series analysis. To capture most of participants’ daily life without intruding with 
their sleep habits, beeps were planned preferably at the end of the morning, afternoon, 
and evening, with the exact time points depending on participants’ sleep-wake sched-
ule. After every alarm beep, participants were asked to fi ll out the electronic diary. 
They were instructed to do so immediately after the beep, but a delay of maximally 1 
hour was allowed when this was not possible. Saliva was collected while completing 
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the diary. In a few exceptional occasions, a participant sampled saliva even though 
the one-hour time window for fi lling out the electronic questionnaire had just elapsed. 
We considered these samples valid if collected within 1.5 hours after the beep. Saliva 
was collected by means of a synthetic salivette collection device. As recommended 
by Rohleder and Nater (2009), participants were asked to keep the salivette in their 
mouth for at least 2 minutes and to refrain from chewing. Participants were not al-
lowed to eat or drink anything (except water), or to smoke or brush their teeth within 
30 minutes before saliva sampling. For more details about the instructions, see Booij 
et al. (2015).

Salivary cortisol 
The participants stored their saliva samples in their home refrigerator as soon as 
possible and, if not at home, in any other available refrigerator until going home. 
Research staff collected samples weekly, and brought them to the UMCG laborato-
ry where they were centrifuged and stored at -80°C until analysis. Cortisol samples 
were analyzed by means of online-solid phase extraction in combination with isotope 
dilution liquid chromatography-tandem mass spectrometry (LC-MS/MS), which has a 
broad analyte compatibility and high analytical performance. In short, 250uL of saliva 
was used for the analysis and deuterated cortisol was used as internal standard. All 
samples of one participant were assayed in the same batch. Mean intra- and inter-as-
say coeffi cients of variation were below 10%. The quantifi cation limit for cortisol was 
0.1 nmol/L.

Affect
Positive and negative affect scores were computed from mood items adopted from 
Bylsma et al. (2011), rated on a 7-point Likert scale, running from 1 (“not”) to 7 
(“very”). The positive affect (PA) scale refl ected the average of the items talkative, 
enthusiastic, confi dent, cheerful, energetic, satisfi ed, and happy; the negative affect 
(NA) scale refl ected the average of the items tense, anxious, distracted, restless, irri-
tated, depressed, and guilty.

Person characteristics
Age, gender, completed education (0=primary education, 1=lower secondary edu-
cation, 2=higher secondary education/vocational education, 3=university/college 
education), BMI, and smoking status were based on self-report. DSM diagnosis and 
information on previous depressive episodes were obtained from the CIDI interview. 
Medication use was assessed at the start and end of the study, and covered (regular) 
medication use throughout the study period. Average bedtime on work and free days 
was assessed with the Munich Chronotype Questionnaire (MCTQ: Roenneberg et al., 
2007).

Statistical analysis
On average, participants had 3.6 (4.0%) missing and 0.5 (0.6%) invalid cortisol sam-
ples. Participants had on average 6.5 (7.2%) missing values for PA and NA, mainly 
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due to technical problems with the electronic diary. Missing data were imputed by 
means of Expectation-Maximization imputation, for every participant separately. All 
variables used in the time-series model as well as auxiliary variables signifi cantly as-
sociated with these variables were used as predictor variables in the imputation. Aux-
iliary variables could be melatonin and alpha-amylase, actigraphy data (i.e. energy 
expenditure and minutes of sleep), and other electronic diary variables. Additionally, 
time, the square of time, dummy variables for time of day, and lagged values of cor-
tisol, PA, and NA (6 lags) were used as predictors in the imputation model (Honaker, 
King, & Blackwell, 2011). 

For descriptive purposes, differences between the depressed and the non-depressed 
group in cortisol, PA, and NA were assessed with linear mixed-model analyses, as 
described previously by Booij et al. (2015). The individual multivariate time series 
were analyzed using vector autoregressive (VAR) modeling. VAR analysis is especial-
ly suitable for investigating the temporal dynamics between two or more variables. 
By separating the dynamic part of the model (i.e. the relationships between the lagged 
values of the variables) from the simultaneous part (i.e. the contemporaneous cor-
relations), the model allows to make inferences about the temporal order of effects, 
which can involve bidirectional effects and feedback loops (Brandt & Williams, 2007; 
Rosmalen, Wenting, Roest, de Jonge, & Bos, 2012). A VAR model is a multivariate 
autoregressive model that consists of a set of regression equations for a system of two 
or more variables, in this case PA, NA, and cortisol (Brandt & Williams, 2007). All 
variables in the system are treated as endogenous, which means that they can be both 
determinant and outcome. Each of the endogenous variables is regressed on its own 
p lagged values and the p lagged values of the other variable, where p is the number 
of lags considered in the system. The residuals of the VAR model should be serially 
uncorrelated but can be contemporaneously correlated. 

To assess the temporal relationships between cortisol and PA and between cortisol and 
NA, two VAR models were constructed for every individual. First, the optimal num-
ber of lags (i.e. the ‘VAR order’) was determined for each model using the Likelihood 
Ratio test (p-value <.05). The maximum number of lags that could be included was 
six, which equals two days. This allowed for the investigation of relatively long-term 
lagged effects. To account for structural differences between morning, afternoon, and 
evening values of cortisol, dummy variables for morning and afternoon were included 
in the analyses as control variables (the evening served as the reference category). 
Variables for time and the square of time were included to render the series stationary. 
Maximum likelihood estimation with a degrees-of-freedom adjustment advocated for 
small samples was used for estimating the VAR coeffi cients (Lütkepohl, 2005). The 
contemporaneous correlations between the endogenous variables were assessed using 
the residuals of the fi nal VAR models (Brandt and Williams, 2007). These correlations 
represent the contemporaneous relationships between PA, NA, and cortisol, i.e. the 
correlation between the scores on these variables at the same time point.
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The coeffi cients of VAR equations cannot be interpreted individually, because they 
are part of a system in which all elements are dynamically related to each other. For 
example, an effect of a predictor at a particular lag on an outcome variable may be 
positive and signifi cant, while the net effect of the predictor on the outcome over time 
may be small or even negative, because of opposing effects at other lags and negative 
autoregressive effects. Therefore, VAR is usually accompanied by the techniques of 
Granger causality testing and impulse response function analysis, which give an indi-
cation of the system’s dynamic behavior (Brandt and Williams, 2007). The Granger 
causality Wald test represents the joint signifi cance of all cross-lagged effects, i.e. it 
tests the joint effect of previous values of a variable on current values of another vari-
able (Granger, 1969;Lütkepohl, 2005). We used this test to assess the directionality 
of the association between the cortisol series and the PA and NA series. In addition, 
we used Cumulative Orthogonalized Impulse Response Function (COIRF) analysis 
to visualize the dynamic behavior of the system. Impulse response functions (IRFs) 
allow tracing out the dynamic impacts of changes in each of the endogenous vari-
ables over time. They do so by visualizing the infl uence of an isolated shock in one 
of the variables (i.e. an impulse of 1 SD in cortisol or affect) to the other variables, 
showing how this shock is fed through the system. This means that all effects in the 
VAR model (e.g. effects of different lags, autoregressive effects, feedback loops) are 
incorporated. Orthogonalized IRFs (OIRFs) take into account both the lagged and the 
contemporaneous correlations among the variables (Brandt and Williams, 2007). They 
assume a specifi c pre-defi ned ordering for the contemporaneous relationship. Because 
in the present study the order of the contemporaneous relationship was unknown, we 
tested both orders. The cumulative versions of the OIRFs display the accumulated 
impact of a shock in one variable on the other variables over a certain time horizon, in 
our case 2 days (6 steps). Cumulative OIRFs are used as a dynamic effect size meas-
ure in VAR analysis (Brandt and Williams, 2007;Rosmalen et al., 2012). Effect sizes 
were standardized by dividing them by the standard deviation of the response variable 
for every individual. We calculated these dynamic effect sizes (i.e., COIRFs) only for 
effects with a signifi cant Granger causality test. 

We further assessed the response pattern, i.e. the way in which a shock in one of the 
variables infl uences another variable over time. Three different response patterns 
could be distinguished from the COIRF analyses based on visual inspection: 1) a fl at 
response; 2) a steadily rising or declining response; 3) a fl uctuating response. Flat 
responses are the result of systems in which cross-lagged and autoregressive effects 
are opposing, so that the net effect is small to absent. Continuously rising/declining 
responses are characterized by systems in which cross-lagged effects of the impulse 
variable at different lags mainly have the same sign, and in which positive autocor-
relation of the response variable is present. As a result, the cumulative effect after two 
days is relatively large (be it positive or negative). Fluctuating responses are charac-
terized by counteracting effects at different lags, such as opposing effects of the im-
pulse variable, or autocorrelation of the response variable. Because of these opposing 
effects, the cumulative effect over 2 days can be relatively small, although the effect 
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may be larger at intermediate steps. Examples are presented in the results section.

In view of the exploratory nature of the study, a signifi cance level of 0.10 was used 
for Granger causality testing, contemporaneous relationships, and IRF analysis. All 
analyses were done in STATA 11 using the suite of VAR commands (StataCorp 2009). 
VAR model assumptions were assessed using diagnostic checks on stability, normali-
ty, heteroscedasticity, and independence of the residuals (Lütkepohl, 2005; Rosmalen 
et al., 2012). If one of the tests indicated a violation of the model assumptions, models 
were adjusted, re-estimated, and re-evaluated, in an iterative model-building process, 
until all assumptions were met. For the diagnostic checks, a signifi cance level of 
0.05 was used. Because the distribution of cortisol is usually skewed (e.g. Hruschka, 
Kohrt, & Worthman, 2005; Peeters, Nicolson, & Berkhof, 2004; van Eck et al., 1996), 
we chose to log-transform cortisol in advance. In some cases, negative and positive 
affect variables also had to be log transformed to meet model assumptions. 

RESULTS

Descriptive statistics
Sample characteristics are presented in Table 1. Two-thirds of the depressed sample 
had prior depressive episodes. One non-depressed person had a prior episode (<2 
years ago). Of the depressed individuals, 11 had a current episode, and three indi-
viduals were in remission since 2 to 4 weeks. Mean cortisol levels over the entire 
study period were not signifi cantly higher in the depressed than in the non-depressed 
group (mixed-model analysis, B=0.15, 95%CI=-0.11 – 0.41). Positive affect was 
lower and negative affect was higher in the depressed compared to the non-depressed 
group (mixed-model analysis, PA: B=-1.48, 95%CI=-1.63 – -1.34; NA: B=1.72, 
95%CI=1.60 – 1.85).



Chapter 5

116

Table 1 Characteristics of the depressed and non-depressed groups
Characteristic Depressed (n=14) Non-depressed (n=15)

Mean (SD) Mean (SD)
Demographic
Gender, n female (%) 10 (71.4) 11 (73.3)
Age 35.4 (10.7) 35.1 (8.4)
BMI 23.6 (4.7) 22.5 (2.7)
Smoking status, n smoking (%) 3 (21.4) 3 (20.0)
Highest completed education (0-4) 2.4 (0.5) 2.5 (0.5)
Daily schedule
Average bedtime work days 22:42 (0:58) 23:00 (1:10)
Average bedtime free days 23:20 (1:20) 23:53 (1:07)
Evening beeptime PsyMate 22:06 (1:05) 22:15 (0:50)
Clinical
History, n with prior episodes (%) 9 (64.3) 1 (6.7)
BDI pre 30.2 (9.9) 2.4 (3.1)
BDI post 21.6 (13.8) 3.6 (4.3)
Antidepressant use, n using 
throughout studya (%)

6 (42.9%) 0 (0.0%)

Daily measures 
Cortisol (nmol/l) 3.84 (1.30) 3.50 (1.39)
Positive affect (1-7) 3.38 (1.18) 4.56 (1.11)
Negative affect (1-7) 3.24 (1.20) 1.49 (0.56)

a Not including Saint John’s wort (n=2) or antipsychotics (n=1). 

Estimation of the VAR model
Four non-depressed participants (N9, N12, N14, N15) had highly skewed negative 
affect scores. These scores could not be normalized through transformation, hence 
reliable VAR models could not be estimated. This left 14 depressed and 11 (out of 
15) non-depressed participants to be assessed for the temporal relationship between 
cortisol and negative affect, and 14 depressed and 15 non-depressed participants for 
the temporal relationship between cortisol and positive affect.

Temporal order of the relationship between cortisol and affect
We performed Granger causality tests to assess whether changes in cortisol preceded 
changes in negative and positive affect, whether the reverse was true, or both. The 
temporal direction of the relationship between cortisol and negative as well as posi-
tive affect varied among participants. In Table 2, cumulative effect sizes are displayed 
for the temporal direction in which there was signifi cant Granger causality, for every 
individual. It must be noted that, even in the case of signifi cant Granger causality, 
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the cumulative effect over 2 days is not necessarily signifi cantly different from zero, 
because different lags of the impulse variable or (negative) autocorrelation may have 
opposing effects. Overall, support was found for both directions. In fi ve persons, 
changes in cortisol preceded changes in negative affect (fi rst column). In seven per-
sons, changes in negative affect preceded changes in cortisol (second column). In one 
of these persons, the relationship between cortisol and negative effect was bidirec-
tional. A similar pattern was found for cortisol and positive affect; in fi ve persons, 
changes in cortisol preceded changes in positive affect (third column), whereas in six 
persons changes in positive affect preceded changes in cortisol (fourth column). In 
one of these persons, this association was bidirectional. 

Besides these cross-lagged associations, contemporaneous associations were found 
(Table 2). The temporal order of these relationships is unknown. The majority of the 
participants showed a contemporaneous association between cortisol and affect. For 
some this concerned negative affect, for some positive affect, for some both.

Individual differences in the sign and size of the relationship
The contemporaneous associations between cortisol and negative affect were posi-
tive in half of the cases and negative in half of the cases, and the contemporaneous 
associations between cortisol and positive affect were mainly negative (Table 2). No 
differences were observed between groups.

The β coeffi cients in Table 2 show the sign and size of the cumulative effects over 2 
days as obtained from the COIRFs. The ordering of the contemporaneous relationship 
had little infl uence on the cumulative effects. The results of order 1 (cortisol fi rst) are 
described here (Table 2), and the results of order 2 (affect fi rst) are presented in sup-
plementary Table A. None of the individuals showed meaningful effects (i.e. moderate 
to large effects; β>0.30) in the direction from positive and negative affect to cortisol 
(Table 2), but some did in the reverse direction. Specifi cally, in the depressed group, 
two individuals showed a substantial decrease in negative affect in response to an 
impulse in cortisol. In contrast, two non-depressed individuals showed a substantial 
increase in negative affect in response to a shock in cortisol. One of these (plus an-
other non-depressed individual) also showed a substantial decrease in positive affect 
following a shock in cortisol. 
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Table 2. Cumulative effect size over 2 days and response pattern based on cumula-
tive orthogonalized impulse response analysis (provided that there was signifi cant 
Granger causality), and signifi cant contemporaneous relationships
ID Cortisol -> NA NA -> Cortisol Cortisol -> PA PA -> Cortisol Cortisol 

– NA
Cortisol 
– PA

β Type Β Type Β Type Β Type r r
Depressed
D1  0.12 3 -0.25
D2
D3 -0.19 1
D4
D5  0.18 2 -0.18 3
D6 -0.06 1 -0.18  0.24
D7  0.05 3  0.38 -0.42
D8
D9
D10  0.00 3  0.03 3
D11 -0.34 2
D13 -0.41 3  0.18 3 -0.16 3 -0.26
D14  0.21
D15 -0.17 1  -0.22
Non-depressed
N1  
N2 -0.20
N3
N4 -0.21 2  0.27
N5  0.04 1 -0.48 3 -0.01 3  0.49 -0.18
N6 -0.27
N7 -0.21
N8  0.11 2
N9 / / /
N10  0.75 2
N11  0.43 2 -0.69 2
N12 / / -0.04 1 / -0.26
N13  0.07 3
N14 / / / -0.26
N15 / / /  0.21

Note: Standardized effect sizes in bold have a 90% confi dence interval that does not include 0. All 
presented contemporaneous relationship are signifi cant (p<.05). -> = cumulative effect, – = contempora-
neous relationship, / = relationship could not be estimated due to highly skewed negative affect variable, 
NA= Negative Affect, PA= Positive Affect, β= standardized cumulative effect size over a 2-day horizon, 
Type= response type. Response patterns include 1) fl at response pattern; 2) continuously rising or declin-
ing response pattern; 3) fl uctuating response pattern. 
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Averaged over all individuals, including those without signifi cant Granger causality 
or contemporaneous relationships, the cumulative effect for the infl uence of cortisol 
on negative affect was negligible for the total (β=0.02) and the depressed (β=-0.06) 
group, and positive but small (β=0.14) for the non-depressed group. In the other 
direction, the effect was negligible for the total group (β=0.01), as well as for the 
depressed (β=0.00) and the non-depressed group (β=0.02). The average cumulative 
effect for the infl uence of cortisol on positive affect was negligible for the total group 
(β=-0.08), as well as for the depressed group (β=-0.07), and small for the non-de-
pressed group (β=-0.10). Again, in the other direction the effect was negligible for the 
total group (β=-0.02), as well as for the depressed (β=-0.04) and the non-depressed 
group (β=0.00). 

Response patterns
Figure 1 presents examples of the three types of response patterns observed. Figure 
1A presents the time series of participant N12, who showed a fl at response (type 1) of 
cortisol to a shock in positive affect. The increase in cumulative effect to a shock in 
positive affect was small, so that zero remained within the 90% confi dence interval. 
This was because the positive lagged effect of positive affect (lag 6) and negative 
autocorrelation in cortisol (lag 6) had opposing signs, cancelling each other out. No 
effects of positive affect on other lags were signifi cant.  
Figure 1B presents the time series of participant N11, and a steadily rising response 
(type 2) of negative affect to an impulse of cortisol. Here, lagged effects (lag 2 and 
3) of cortisol on negative affect increased the cumulative effect after step 1 (i.e. > 6 
hours). In addition, positive autocorrelation in the series of negative affect further 
augmented the cumulative effect. No counteracting lagged effects of cortisol were 
present. As a result, the effect could increase over time.
Figure 1C presents the time series of participant D1, and a fl uctuating response (type 
3) of positive affect to a shock in cortisol. The effect of cortisol on positive affect over 
the fi rst two lags was positive, initiating an immediate increase in affect after the im-
pulse of cortisol. Due to negative autocorrelation in positive affect at lag 2, this effect 
was dampened at step 2. Furthermore, cortisol had a negative infl uence on positive 
affect over larger time lags (lag 4 and 5), resulting in a decrease in the effect size to 
zero at step 5. From there, the effect size increased somewhat, again due to negative 
autocorrelation in the positive affect series. 

Overall, pattern 3 was most prevalent, followed by pattern 2, and thereafter pattern 1 
(Table 2). For the infl uence of cortisol on negative affect, pattern 2 was most preva-
lent. For the other direction, pattern 3 was present most often. The infl uence of cor-
tisol on positive affect showed a variety of patterns. For the reverse direction, again 
pattern 3 was most prevalent.
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Figure 1. Examples of three types of response patterns. A: Flat response patterns, B: Stead-
ily rising response pattern, C: Fluctuating response pattern. D = depressed participant, N = 
non-depressed participant.
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DISCUSSION

We adopted an intensive time-series approach to examine the temporal relationship 
between cortisol and affective states in depressed and non-depressed individuals, and 
to explore the timing of the effects. In the majority of the participants, a signifi cant 
relationship was found between cortisol and positive or negative affect, but the direc-
tion, sign, and timing of the relationship varied greatly across individuals. 

A signifi cant temporal relationship between cortisol and affect was found in many in-
dividuals. Interestingly, in the majority of these individuals, we found an infl uence of 
cortisol on affect, or an infl uence of affect on cortisol. Furthermore, for a number of 
individuals no effects were found for either direction at all. The benefi t of the inten-
sive time-series design becomes clear here, because a group-level analysis might have 
suggested bidirectional infl uences that were small and perhaps not signifi cant, while 
in fact a subgroup of individuals did show signifi cant temporal relationships, most of 
which were unidirectional.

The fact that we did not detect signifi cant cross-lagged relationships between cortisol 
and affective states in all individuals may mean at least two things (not necessarily 
mutually exclusive). First, in individuals without signifi cant associations, dynamics 
between cortisol and affective states might have occurred within shorter time intervals 
than we sampled (i.e. 6 hours). Indeed, in several but not all individuals, we found 
contemporaneous relationships, which indicate immediate effects. Second, there may 
be interindividual differences in the strength of the relationships: stress responses and 
affective responses are probably more tightly coupled in some individuals than in 
others. In addition to differences in depressed state, factors such as genetic makeup, 
stressful experiences, and recurrent depressive episodes may modify the connectivity 
between the HPA axis and the limbic areas responsible for the experience of affect 
(e.g. Kendler, Thornton, & Gardner, 2001; Kendler et al., 2000; Sheline, Sanghavi, 
Mintun, & Gado, 1999). 

The relationship between cortisol and affect was weak and non-signifi cant for many 
individuals. Nevertheless, for some individuals it was large and signifi cant, albeit 
not always with the same sign. In the light of these individual differences, the partly 
opposing results of previous daily process studies regarding the relationship between 
cortisol and positive affect (e.g. Smyth et al., 1998; van Eck et al., 1996) make sense, 
since individuals with varying cortisol – affect relationships may be differently dis-
tributed across study samples. Therefore, future studies examining whether and how 
cortisol and affect may be linked to each other should address this issue within indi-
viduals to prevent that large and potentially important effects are blurred or obscured 
by aggregation. 

While some of the non-depressed individuals showed an increase in negative affect 
over time to an impulse of cortisol, some of the depressed individuals showed a 
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decrease. Studies in rats suggest that negative affective responses (as evidenced by 
aggressive behavior towards a male intruder) are larger in the rising phase of ultra-
dian cortisol than in the declining phase (Lightman & Conway-Campbell, 2010). In 
humans, less is known about the temporal effect of cortisol on affect and emotional 
behavior. A study of Henckens et al. (2010) supports the idea that, if any, an increase 
and not a decrease in negative affect would be expected. Henckens and colleagues as-
sessed the slow genomic effects (±285 min) of exogenous cortisol (hydrocortisone) on 
amygdala processing of positive, neutral, and negative stimuli in healthy males. Their 
results showed that after several hours, hydrocortisone sensitized amygdala responsiv-
ity to negative, but not positive stimuli. They argued this process to be adaptive, since 
after a natural stressor it may be advantageous to stay alert to negative stimuli for a 
while. This cortisol-induced negative bias may result in increased negative affect, if 
re-exposed to negative stimuli. Hence, our fi ndings of increased negative affect in 
some of the non-depressed individuals are in line with the present literature.

Why the opposite happened for some depressed individuals is unclear. Speculative-
ly, the natural feedback loop between stress-induced cortisol and affect may have 
been altered, to protect them against further increases in negative affect, and hence 
further deviations from the preferred physiological state. This fi ts with the idea of a 
biphasic response to stress (Gilbert, 2001; Henriques, 2000; Selye, 1976). According 
to this idea, the fi rst response to a threat is to invigorate behavior. This can be done 
by increasing negative emotions (e.g. irritability, aggression, fear). However, if such 
a response does not work eventually (i.e. the threat does not dissipate), the second 
response is to immobilize, to prevent a too far deviation from the preferred physio-
logical state (Gilbert, 2001; Selye, 1976). Interestingly, previous studies also suggest 
a biphasic process for the cortisol response to stress in individuals with depressive 
problems (e.g. Booij et al., 2013), which may be another way to prevent deviations 
from the preferred physiological state. 

By virtue of the multivariate time-series analysis and the accompanied impulse 
response function analysis, we could examine dynamic effects that the variables in 
the system have upon each other over time. Three different response patterns were 
discerned. The fl at response, the steadily increasing/decreasing response, and the 
fl uctuating response pattern. The steadily increasing/decreasing response was the 
most prevalent for the direction from cortisol to affect. This indicates that effects over 
different lags or autocorrelation of the response variable (affect) were coherent in that 
they all had either positively or negatively infl uenced affect, resulting in a relatively 
large net effect. The fl uctuating response pattern was most prevalent for the direction 
from affect to cortisol, which indicates that there were some mixed effects over differ-
ent lags, or negative autocorrelation, and therefore the net outcome of the infl uence of 
affect on cortisol was often relatively low. This fi nding is in line with the idea that the 
HPA axis is a dynamical system, with fl uctuations around an equilibrium to maintain 
homeostasis (e.g. Spiga, Walker, Terry, & Lightman, 2014). Thus, although effects at 
individual lags can be large and positive, effects at different lags and autocorrelation 
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are important to take into account to acquire an estimate of the impact or ‘net infl u-
ence’ of one variable on the other over a certain time horizon. 

Our fi ndings can be interpreted in the light of several limitations and strengths. To 
start with, the present study had a small sample size, which means that results can-
not be generalized to the population. Hence, observed patterns across individuals 
should be interpreted with care, and be mainly used for hypothesis generation for 
future studies using larger samples. A great strength, on the other hand, was the large 
number of measurements per individual, in combination with the application of vector 
autoregression modeling, which provided a detailed view on the dynamic relation-
ships between the variables, including bidirectional relationships and feedback loops. 
This design approaches the complexities of (psychological and biological) processes 
in real life more closely than traditional group designs can do (Molenaar & Campbell, 
2009). Time-series analysis requires variation in the measures under study. In our 
study, some non-depressed individuals lacked variation in negative affect, implying 
that no statements could be made regarding the association between negative affect 
and cortisol for them. Other measures of affect may vary more in non-depressed indi-
viduals, and may therefore be more suitable for time-series analysis studies. Finally, 
although previous studies assessing psychological and behavioral factors over time 
suggest that having  >60 measurements is enough to detect temporal relationships 
(e.g. Rosmalen et al., 2012; Vittengl & Holt, 1998), it is not known whether this also 
holds true for biological parameters. Cortisol levels fl uctuate quite heavily over short 
intervals, because of, among other things, ultradian rhythms (e.g. Lightman & Con-
way-Campbell, 2010). Error due to the ultradian rhythm was not accounted for in the 
present study, and this may have reduced power to detect signifi cant relationships. On 
the other hand, because of the exploratory nature of our study, we adopted a relatively 
high p-value of 0.10, which increased power to detect relationships. Future studies 
may examine this issue further by increasing the number of measurements or shorten-
ing the measurement interval. 

To conclude, we adopted an intensive time-series approach to examine the temporal 
relationship between cortisol and affective states in daily life. This approach proofs 
to be a valuable addition to traditional group designs, because our results showed that 
daily life fl uctuations in cortisol can infl uence affective states, and vice versa, but not 
in all individuals and in varying ways. 
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SUPPORTING INFORMATION

Table A. Cumulative effect size over 2 days and response pattern based on cumulative 
orthogonalized impulse response analysis (provided that there was signifi cant Granger 
causality)
ID Cortisol -> NA NA -> Cortisol Cortisol -> PA PA -> Cortisol

β Type β Type β Type β Type
Depressed
D1  0.10 3
D2
D3 -0.24 1
D4
D5  0.17 2 -0.11 3
D6
D7 -0.11 3
D8
D9
D10 -0.05 1  0.01 1
D11 -0.34 2
D13 -0.14 3  0.15 3 -0.15 1
D14
D15 -0.17 1
Non-depressed
N1
N2
N3
N4 -0.09 ?
N5  0.04 1 -0.24 3 -0.08 1
N6
N7
N8  0.33 2
N9
N10  0.70 2
N11  0.45 2 -0.36 2
N12 / /  0.01 1
N13  0.06 3
N14 / /
N15

Note: The cumulative orthogonalized response function analysis was performed with the order 
Affect – Cortisol for the contemporaneous relationship. Standardized effect sizes in bold have 
a 90% confi dence interval that does not include 0. -> = cumulative effect,  NA= Negative Af-
fect; PA= Positive Affect; β= standardized cumulative effect size over a 2-day horizon; Type= 
response type. Response patterns include 1) fl at response 1) fl at response pattern; 2) continu-
ously rising or declining response pattern; 3) fl uctuating response pattern. 
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ABSTRACT

The hypothalamic-pituitary-adrenal axis, autonomic nervous system, and immune 
system have been proposed to underlie the antidepressant effect of exercise. Using a 
population sample of 715 adolescents, we examined whether pathways from exercise 
to affective and somatic symptoms of depression were mediated by these putative 
mechanisms. Exercise (hr/week) and depressive symptoms were assessed at age 13.5 
(±0.5) and 16.1 (±0.6). Cortisol and heart rate responses to a standardized social stress 
test and C-reactive protein levels were measured at age 16. Exercise was prospective-
ly and inversely related to affective (B=-0.16, 95%CI=-0.30 – -0.03) but not somatic 
symptoms (B=-0.04, 95%CI=-0.21 – 0.13). Heart rate during social stress partially 
mediated this relationship (B=-0.03, 95%CI=-0.07 – -0.01). No other mediating ef-
fects were found. Hence, the autonomic stress system may play a role in the relation-
ship between exercise and depressive symptoms.
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INTRODUCTION

Exercise may be a highly valuable treatment for individuals suffering from mood 
problems, and serve as a prevention strategy for those at risk. However, effects re-
ported in the literature are inconsistent and the operating mechanisms not well known 
(Rimer et al., 2012). To maximize the effectiveness of exercise programs against 
depressive symptoms, discerning physiological mechanisms that drive the antidepres-
sant effects may be helpful.

Two candidate mechanisms through which physical exercise exerts its infl uence are 
the major components of the body’s stress system: the hypothalamic-pituitary-adrenal 
(HPA) axis and the autonomic nervous system (ANS). Physical exercise triggers heart 
rate and HPA axis responses. Physically fi t individuals show reduced cardiovascular 
and neuroendocrine responses, not only to exercise but also to psychosocial stress, 
compared to unfi t individuals (Forcier, Stroud, & Papandonatos, 2006). Depression is 
a stress-related disorder, and has often been reported to be associated with increased 
reactivity of the stress system (e.g. Carney, Freedland, & Veith, 2005; Stetler & Mill-
er, 2011). Also reduced reactivity has been related to (risk of) depression (e.g. (Miller, 
Chen, & Zhou, 2007; Phillips, Hunt, Der, & Carroll, 2011): hypoactivity of the HPA 
axis seems to be associated with severe and chronic forms of depression (Burke, 
Davis, Otte, & Mohr, 2005; Miller et al., 2007; Booij, Bouma, de Jonge, Ormel, & 
Oldehinkel, 2013). This hypoactivity has been proposed to result from chronically 
elevated cortisol levels, necessitating a downregulation of the stress system (Fries, 
Hesse, Hellhammer, & Hellhammer, 2005). Taken together, these fi ndings suggest 
that training stress systems by physical exercise may protect against the depressogen-
ic effects of stress.

Another candidate mechanism is the immune system. Continued activation of the 
immune system could lead to sickness behavior and subsequently to depressive 
symptoms in vulnerable individuals (Dantzer, O’Connor, Freund, Johnson, & Kelley, 
2008). Increased levels of infl ammatory proteins such as C-reactive protein (CRP) 
have indeed been found in individuals with depression (e.g. Dantzer et al., 2008), al-
though not in all studies (e.g. Piletz et al., 2009). Regular exercise can reduce infl am-
mation levels (Mattusch, Dufaux, Heine, Mertens, & Rost, 2000; Lopresti, Hood, & 
Drummond, 2013), thereby possibly preventing or mitigating sickness behavior and 
depressive symptoms.

We studied whether heart rate and cortisol responses to psychosocial stress, as well as 
CRP, mediated the prospective relationship between exercise and depressive symp-
toms in an adolescent population cohort. Because the fi rst-incidence of depression 
rises dramatically in adolescence (Kessler et al., 2005), this is a relevant age group to 
target in terms of prevention and early intervention. Also, there are probably rela-
tively few individuals with chronic problems (see also Booij et al., 2013), and hence, 
chronicity-related hyporeactivity of the stress system. An additional advantage is 
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that the prevalence of potentially confounding somatic disorders is relatively low at 
this age. A previous study in the same sample found that physical activity was more 
strongly related to affective than to somatic symptoms (Stavrakakis, de Jonge, Ormel, 
& Oldehinkel, 2012). Somatic and affective symptoms have been differentially relat-
ed to HPA axis and ANS function (e.g. Bosch et al., 2009) and to CRP levels (Duivis, 
Vogelzangs, Kupper, de Jonge, & Penninx, 2013). Thus, pathways from exercise to 
depression may be symptom-dependent and were therefore explored separately for 
affective and somatic symptoms. 

METHOD

Participants
The study was conducted in a focus sample of TRAILS (Tracking Adolescents’ 
Individual Lives Survey), a large prospective cohort study of Dutch adolescents with 
bi- or triennial measurements from age 11 to at least 21. The data came from the 
second (T2; mean age 13.5 years, SD = 0.5) and third (T3; mean age 16.1, SD = 0.6) 
assessment wave. The focus sample consisted of 715 adolescents (50.9% girls) who 
were submitted to more extensive measurements at T3, including a social stress test. 
For more information about this sample and the selection procedure, see elsewhere 
(Bouma, Riese, Ormel, Verhulst, & Oldehinkel, 2009). The participants were treated 
in accordance with the Declaration of Helsinki, and informed consent was obtained 
from both the participants and their parents. 

Measures
Exercise
At both T2 and T3, adolescents completed an exercise questionnaire. Participants 
could specify up to four different types of exercise that they regularly performed, and 
indicate for every exercise how many days and hours per week they spent on those 
activities. The total number of hours per week spent on these exercises was calculated 
as an overall measure for exercise. Because prior fi ndings (Hoffman et al., 2011) sug-
gest that the exercise-depression relationship is non-linear and weakens with increas-
ing levels of exercise, we calculated the natural logarithm (ln) of exercise in addition 
to the untransformed score. 

Cortisol and heart rate responses to stress
At T3, cortisol and heart rate responses to psychosocial stress were induced by means 
of the Groningen Social Stress Test (GSST). The GSST is a standardized protocol, 
inspired by the Trier Social Stress Test, for the induction of moderate performance-re-
lated social stress (Kirschbaum, Pirke, & Hellhammer, 1993). The GSST has been 
found to elicit signifi cant changes in heart rate and the HPA system (Bouma et al., 
2009; Bouma et al., 2011). It entails the elements necessary to induce a signifi cant 
cortisol response, namely uncontrollability and social-evaluative aspects (Dickerson 
& Kemeny, 2004). In short, the participants were, on the spot, instructed to prepare 
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and deliver a six-minute speech about themselves and their lives, and to perform a 
diffi cult mental arithmetic task in front of a camera, while being videotaped. The 
videotape was said to be judged by peers on content of speech and use of voice and 
posture. Participants were debriefed directly after the task.

HPA axis responses towards the GSST were assessed by four salivary samples of cor-
tisol, collected before as well as immediately after, 20 min after, and 40 min after the 
end of the GSST. Free cortisol levels in saliva refl ect HPA axis activity about 20 min 
earlier, as there is a time window between the production of cortisol by the adrenal 
glands upon stress and the presence of cortisol in saliva (Aardal-Eriksson, Karlberg, 
& Holm, 1998). Salivary cortisol samples were collected using Salivettes, which are 
small cotton swabs in plastic tubes (Sarstedt, Numbrecht, Germany). After the experi-
mental session, the samples were placed in a refrigerator at 4 °C, and within three to 
four days brought to the laboratory of the University Medical Center Groningen, and 
stored at -20 °C until analysis. All samples were analyzed with the same reagent, and 
all experimental samples from a participant were assayed in the same batch. Missing 
experimental samples (C1, n = 9; C2, n = 4; C3, n = 8; C4, n = 7) were due to detec-
tion failures in the lab (54%) or insuffi cient saliva in the tubes (46%). Missing values 
were imputed on the basis of a combination of the group mean and corresponding 
standard deviation of the missing cortisol sample and the mean of the participant’s 
cortisol samples that were valid. Stress-induced HPA axis functioning was operation-
alized as cortisol secretion during the GSST, calculated as the area under the curve 
with respect to the ground (AUCgCort), and cortisol reactivity to the GSST, calcu-
lated as the area under the curve with respect to increase (AUCiCort) (see, Pruessner, 
Kirschbaum, Meinlschmid, & Hellhammer, 2003). 

Cardiac autonomic function was assessed at the start of the experimental session 
as well as during and after the GSST, in seven blocks: pretest, speech preparation, 
speech, silent interlude after speech, mental arithmetic, silent interlude after mental 
arithmetic, and posttest. A three-lead electrocardiogram was registered using 3M/
RedDot Ag/AgCl electrodes (type 2255, 3M Health Care, Neuss, Germany), while the 
participant was sitting and breathing spontaneously. With a BIOPAC Amplifi er-Sys-
tem (MP100, Goleta, CA), the signals were amplifi ed and fi ltered before digitization 
at 250 samples/second. Dedicated software (PreCARSPAN, previously used in, e.g., 
Dietrich et al., 2007) was used to check signal stationarity, to correct for artifacts, 
to detect R-peaks, and to calculate the interbeat-interval (IBI) between two heart-
beats. Blocks were considered invalid if they contained artefacts with a duration of 
more than 5 s, if the total artefact duration was more than 10% of the registration, 
or if the block length was less than 100 s (invalid blocks pretest: n=15, preparation: 
n=28, speech: n=27, interlude after speech: n=35, mental arithmetic: n=29, interlude 
after mental arithmetic: n=31, posttest: n=32). HR is inversely related to IBI by the 
equation HR=60000/IBI. HR was defi ned as the number of beats per minute (bpm). 
Comparable to the cortisol measures, heart rate during social stress (AUCgHR) and 
heart rate reactivity (AUCiHR) were computed, based on heart rates during speech 
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preparation, speech, mental arithmetic and posttest.  

C-Reactive Protein
At T3, fasting blood samples (39.5 ml) of participants were drawn, and transported to 
the laboratory within 4h. High-sensitivity C-reactive Protein (hsCRP) was determined 
using an immunonephelometric method, BN2, CardioPhase® hsCRP, Siemens with a 
lower detection limit of 0.175 mg/L. Intra-assay coeffi cients of variance ranged from 
2.1 to 4.4, and inter-assay coeffi cients of variance ranged from 1.1 to 4.0.

Depressive symptoms
At T2 and T3, depressive symptoms were assessed with the Affective Problems Scale 
(APS) of the Youth Self-Report (Achenbach, Dumenci, & Rescorla, 2003). The APS 
contains 13 items covering depressed mood, anhedonia, loss of energy, feelings of 
worthlessness and guilt, suicidal ideation, sleep problems, and eating problems; which 
could be rated as 0 = not true, 1 = somewhat or sometimes true, or 2 = very or often 
true in the past six months. These items refl ect symptoms of a Major Depressive 
Episode according to the Diagnostic and Statistical Manual of Mental Disorders, 4th 
Edition (DSM-IV) (Achenbach et al., 2003). Removal of the item ‘I sleep more than 
most kids’ increased the internal consistency of the scale; therefore this item was ex-
cluded (see also Bosch et al., 2009). Of the remaining items (Cronbach’s α T2 = 0.78, 
T3 = 0.79), a somatic symptoms subscale and an affective symptoms subscale were 
constructed. The somatic symptoms subscale contained the following items: lack of 
appetite, overtired, reduced sleep, trouble sleeping, and lack of energy. The affective 
symptoms subscale contained the following items: loss of pleasure, crying, self-harm, 
suicidal ideation, feelings of worthlessness, feeling guilty and sadness.

Covariates
Gender, social economic status (SES) (based on parental professional occupation, 
educational attainment and household income at T1), T2 Body Mass Index (BMI) 
and total affective or somatic symptom scores at T2 (corresponding with the outcome 
measure), were included as potential confounders in all of the analyses. In addition, 
mediation effects were corrected for smoking at T3, GSST start time, and oral con-
traceptive use, because these potentially confound the relationship between heart rate 
and cortisol and depressive symptoms (Bouma et al., 2009). Smoking was assessed 
as part of the regular T3 questionnaire, which was fi lled out at school, on average 
3.07 months (SD=5.12) before the experimental session. We distinguished between 
non-smokers and habitual smokers (i.e. at least one cigarette a day). Oral contracep-
tive (OC) use was assessed by means of a checklist on current medication use admin-
istered at the start of the experimental session. In addition, OC use as assessed in the 
T3 regular questionnaire was used if checklist data from the experimental session was 
missing, and the time between fi lling out the questionnaire and the experimental ses-
sion was less than six months.
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Statistical Analysis
Missing values were imputed by means of Expectation-Maximization imputation, 
with all variables used in the analysis and similar variables collected at adjacent 
waves as predictor variables. The variables with the most missing values were hsCRP 
(n=126, 17.6%) and AUCgHR / AUCiHR (n=32, 4.5%).

The prospective relationship between exercise (T2) and affective and somatic symp-
toms (T3) was examined using linear regression models. We fi rst compared the effects 
of the untransformed and transformed (ln) measure of exercise to examine whether 
the relationship was linear or rather asymptotic. When the main effect of (ln) exercise 
was signifi cant (p<.05), we examined whether stress responses and CRP mediated the 
relationship between exercise and depressive symptoms, using the indirect method 
(Preacher & Hayes, 2008). This method estimates total, direct and indirect (boot-
strapped) unstandardized effects of the independent variable on the outcome through 
the mediator variables. All putative mediators were included simultaneously, thus 
individual mediation effects were adjusted for all other mediators. For comparison, 
the analysis was repeated in the non-imputed dataset. Because of our hypothesis that 
exercise reduces reactivity of the stress system, and our previous fi nding that the 
cortisol response to psychosocial stress, as well as depressive symptoms, was reduced 
instead of increased in individuals with chronic depressive problems (Booij et al., 
2013), we repeated the analysis without the participants with chronic depressive prob-
lems (n=653) as well. Chronicity of depressive problems was defi ned as previously 
described by Booij et al. (2013). Furthermore, because of the assumed causal direc-
tion of the associations under study, we favored a prospective design, in which the 
assessment of physical exercise preceded that of the mediators and outcomes. Howev-
er, the two-year interval between the waves was quite large, and exercise patterns may 
have changed in between the waves. Therefore, we also examined (putative mediation 
of) the cross-sectional relationship between exercise and depressive symptoms at T3. 
The same potential confounders were included in these analyses, except for affective/
somatic symptoms at T2. Further, BMI at T2 was replaced by BMI at T3.

RESULTS

Descriptive statistics
Characteristics of the study sample are displayed in Table 1. The participants reported 
exercising regularly for 4.1h per week at T2 and 4.3h per week at T3. The affective 
symptom scores ranged from 0 to 13 and the somatic symptom scores from 0 to 10. 
On average, affective symptoms scores were relatively lower and less variable than 
somatic symptom scores. 
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Table 1. Characteristics of the study sample (n=715)
Variable Mean (SD)
Demographics
Age T3 16.1 (0.6)
Gender (% female) 50.9
Lifestyle factors
Exercise T2 (h/week) 4.1 (4.1)
Exercise T3 (h/week) 4.3 (4.3)
BMI T2 (kg/m2) 18.9 (3.1)
BMI T3 (kg/m2) 21.3 (3.3)
Smoking status T3 (% smoking) 27.8
Oral contraception T3 (% using girls) 63.9
Depressive symptoms
Affective symptoms T2 (0-14) 1.4 (1.9)
Affective symptoms T3 (0-14) 1.3 (1.8)
Somatic symptoms T2 (0-10) 2.1 (2.0)
Somatic symptoms T3 (0-10) 2.3 2.1)
Stress / infl ammation markers
AUCg Cortisol (nmol/l) 275.5 (174.8)
AUCi Cortisol (nmol/l) 37.9 (117.4)
AUCg Heart rate (bpm) 849.1 (120.5)
AUCi Heart rate (bpm) 9.9 (47.0)
HsCRP (mg/l) 1.4 (5.1)

Note: AUCgCort = Area under the curve with respect to the ground of the cortisol response; 
AUCiCort = Area under the curve with respect to baseline of the cortisol response; AUCgHR 
= Area under the curve with respect to the ground of the heart rate response; AUCiHR = Area 
under the curve with respect to baseline of the heart rate response; HsCRP = High-sensitive 
C-reactive protein.

Bivariate correlations are displayed in Table 2. Exercise was more strongly related to 
affective symptoms than somatic symptoms in both waves. Exercise (both T2 and T3) 
was negatively correlated to the AUCgHR, while affective symptoms at T3 were pos-
itively correlated to the AUCgHR. Finally, affective symptoms at T2 were negatively 
correlated to CRP at T3.
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Table 2. Bivariate correlations
ExT2 ExT3 AST2 AST3 SST2 SST3 AgH AiH AgC AiC CRP

ExT2
ExT3  .46**
AST2 -.11** -.10**
AST3 -.16** -.17**  .58**
SST2 -.08* -.05  .47**  .33**
SST3 -.05 -.11**  .34**  .48**  .50**
AgH -.18** -.23**  .04  .14** -.02  .04
AiH  .05  .03 -.01 -.02  .03  .05  .25**

AgC  .02  .00 -.04 -.01  .00 -.03  .11**  .05
AiC -.07  .03 -.04 -.05 -.04 -.10*  .19**  .13 .45**
CRP -.00  .03 -.10*  .02  .07  .01 -.00 -.03 .00 -.07

Note: ExT2 = Exercise at T2; ExT3 = Exercise at T3; AST2 = Affective symptoms at T2; 
AST3 = Affective symptoms at T3; SST2 = Somatic symtoms at T2; SST3 = Somatic symp-
toms at T3; AgH = Area under the curve with respect to the ground for the heart rate response; 
AiH = Area under the curve with respect to baseline for the heart rate response; AgC = Area 
under the curve with respect to the ground for the cortisol response; AiC = Area under the 
curve with respect to baseline for the cortisol response; CRP = C-reactive protein.
* p<.05
** p<.01

Prospective relationship between exercise and depressive symptoms
The association between ln exercise (T2) and affective symptoms (T3) was slight-
ly stronger (R2 change=0.5%, B=-0.16, p=.02) than the association with the un-
transformed measure of exercise (R2 change=0.4%, B=-0.03, p=.03), suggesting a 
nonlinear negative association. The association between exercise (T2) and somatic 
symptoms (T3) was non-signifi cant (R2 change=0.0%, B=0.01, p=.70), as was the 
association between ln exercise and somatic symptoms (R2 change=0.0%, B=-0.04, 
p=.66). The mediation analysis was therefore limited to affective symptoms.

Mediation analysis
Total, direct and indirect effects of ln exercise (T2) on affective symptoms (T3) are 
displayed in Table 3. There was a signifi cant indirect pathway from exercise to affec-
tive symptoms through AUCgHR. As a group, the mediators accounted for 19% of the 
association between exercise and affective symptoms, but this entirely amounted to 
the AUCgHR. The analysis in which individuals with chronic depressive symptoms 
were excluded yielded similar results (Table 3). A mediation analysis on complete 
cases also suggested a signifi cant indirect pathway through the AUCgHR (B=-0.03, 
95%CI= -0.08 – -0.00).
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Table 3. Mediation model for the prospective association between exercise (T2) 
and affective symptoms (T3)*

Total group (n=715) Without chronic depressive 
problems (n=653)

Variable B T P B T P
Total effect†

Exercise (ln) -0.16 -2.27 .02 -0.21 -3.35 .00
Direct effect†

Exercise (ln) -0.13 -1.83 .07 -0.18 -2.80 .01
B CI lower‡ CI upper‡ B CI lower‡ CI upper‡

Indirect effect of exercise (ln) through mediators (bootstrapped results) †
Total -0.03 -0.07  0.01 -0.03 -0.07  0.00
AUCgCort -0.00 -0.02  0.00 -0.00 -0.02  0.00
AUCiCort  0.01 -0.00  0.04  0.00 -0.02  0.02
AUCgHR -0.03 -0.07 -0.01 -0.03 -0.06 -0.00
AUCiHR -0.00 -0.02  0.00 -0.00 -0.02  0.00
HsCRP  0.00 -0.02  0.02  0.00 -0.01  0.00

Note: Ln =  natural logarithm; AUCgCort = Area under the curve with respect to the ground 
of the cortisol response; AUCiCort = Area under the curve with respect to baseline of the 
cortisol response; AUCgHR = Area under the curve with respect to the ground of the heart rate 
response; AUCiHR = Area under the curve with respect to baseline of the heart rate response.
* Adjusted for gender, social economic status, affective symptoms at T2, body mass index, 
oral contraceptive use, smoking, time of the GSST.
† The direct effect is the effect of the predictor variable on the outcome variable, when taking 
the mediator variables into account. The indirect effect is the effect of the predictor variable on 
the outcome variable through the mediator variables. The total effect is the sum of the direct 
and indirect effect.
‡ 95% confi dence interval.

Individual associations between predictor and mediator variables, and between media-
tor variables and outcome are displayed in Table 4. Exercise (T2) was signifi cantly re-
lated to the AUCiCort and the AUCgHR. The AUCgHR was also signifi cantly related 
to affective symptoms (T3). There was a trend towards a relationship between HsCRP 
and affective symptoms.
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Table 4. Associations between exercise and mediators, and between mediators 
and affective symptoms (n=715)*

Variable B T P
Exercise (ln) to mediators

AUCgCort -7.33 -0.89 .37
AUCiCort -16.74 -3.03 .00
AUCgHR -25.92 -4.71 .00
AUCiHR  2.86  1.26 .21
HsCRP -0.45 -0.18 .86

Mediators to affective symptoms
AUCgCort  0.001  1.51 .13
AUCiCort -0.001 -1.16 .25
AUCgHR  0.001  2.45 .01
AUCiHR -0.001 -0.95 .34
HsCRP -0.020 -1.89 .06

Note: Ln =  natural logarithm; AUCgCort = Area under the curve with respect to the ground 
of the cortisol response; AUCiCort = Area under the curve with respect to baseline of the 
cortisol response; AUCgHR = Area under the curve with respect to the ground of the heart rate 
response; AUCiHR = Area under the curve with respect to baseline of the heart rate response.
* Adjusted for gender, social economic status, affective symptoms at T2, body mass index, 
oral contraceptive use, smoking, time of the GSST.

Cross-sectional mediation analysis
The results of the mediation analysis on the cross-sectional data (i.e., all variables as-
sessed at T3) are displayed in Table 5. Again, there was a signifi cant indirect pathway 
from exercise to affective symptoms through AUCgHR.
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Table 5. Mediation model for the cross-sectional association between exercise 
(T3) and affective symptoms (T3) (n=715)*

Variable B T P
Total effect†

Exercise (ln) -0.27 -3.38 .00
Direct effect†

Exercise (ln) -0.22 -2.77 .01
B CI  lower‡ CI upper‡

Indirect effect of exercise (ln) through mediators (bootstrapped results) †
Total -0.04 -0.10 -0.00
AUCgCort -0.00 -0.02  0.00
AUCiCort  0.00 -0.00  0.02
AUCgHR -0.04 -0.09 -0.00
AUCiHR -0.00 -0.01  0.01
HsCRP -0.00 -0.01  0.01

Note: Ln =  natural logarithm; AUCgCort = Area under the curve with respect to the ground 
of the cortisol response; AUCiCort = Area under the curve with respect to baseline of the 
cortisol response; AUCgHR = Area under the curve with respect to the ground of the heart rate 
response; AUCiHR = Area under the curve with respect to baseline of the heart rate response.
* Adjusted for gender, social economic status, body mass index, oral contraceptive use, smok-
ing, time of the GSST.
† The direct effect is the effect of the predictor variable on the outcome variable, when taking 
the mediator variables into account. The indirect effect is the effect of the predictor variable on 
the outcome variable through the mediator variables. The total effect is the sum of the direct 
and indirect effect.
‡ 95% confi dence interval.

DISCUSSION

The results suggest that exercise infl uences affective symptoms, but not somatic 
symptoms of depression. A similar conclusion was drawn from another TRAILS 
study in a larger sample, using general physical activity instead of exercise as a pre-
dictor (Stavrakakis et al., 2012). In the present study, markers of stress-induced HPA 
axis and ANS function and infl ammation were tested as mediators of the prospective 
relationship between exercise and affective symptoms. As a group, these variables 
partially mediated the association. This indirect effect was mainly accounted for by 
heart rate (AUCgHR) during social stress. Because we found no mediating effect of 
heart rate reactivity (AUCiHR), we speculate that regular exercise reduces overall 
heart rate in various conditions (Forcier et al., 2006) and that this protects against the 
depressogenic effects of stress. 
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The natural logarithm of exercise appeared to be a better predictor of affective symp-
toms than the untransformed measure, indicating that the relative benefi t of moderate 
amounts of exercise compared to no exercise was larger than the relative benefi t of 
large amounts of exercise compared to moderate amounts. Similar non-linear effects 
of physical activity on health have been reported earlier for depression (Hoffman et 
al., 2011). This information may motivate inactive depressed individuals to start exer-
cising: it is not necessary to exercise very intensively in order to achieve benefi t.

Prior research has revealed both positive and negative associations between de-
pression and cardiovascular responses to stress (e.g. Carney et al., 2005; Light, 
Kothandapani, & Allen, 1998; de Rooij, Schene, Phillips, & Roseboom, 2010; 
Phillips et al., 2011). We found evidence for neither hyper- nor hyporeactivity of the 
cardiovascular system, but did fi nd an association between depression and overall 
heart rate during stress. Possibly, it is not the increase during stress, but rather a gen-
eral imbalance of the ANS in depression. Another explanation for the discrepancies in 
the literature may be that, comparable to HPA axis reactivity (e.g. Miller et al., 2007), 
both hyper- and hyporeactivity of the ANS refl ect an unbalanced system, and hence 
may confer a risk for stress-related disorders. In line with this, Barton et al. (2007) 
found that sympathetic activity in patients with Major Depressive Disorder followed 
a bimodal distribution, with one group displaying extremely high and the other very 
low sympathetic activity. Similar subgroups may exist with regard to cardiovascular 
reactivity. Future studies in clinically depressed individuals may examine this possi-
bility.

It is not known how heart rate during stress may mediate the relationship between ex-
ercise and depressive symptoms, but several studies provide clues for possible expla-
nations. Chronic exercise has been found to enhance executive function and inhibitory 
capacities, which require prefrontal control (Padilla et al., 2014). Long-term cardio-
vascular fi tness has also been related to volumetric and functional improvements in 
the prefrontal cortex (PFC) (Hillman, Erickson, & Kramer, 2008). The PFC plays an 
important role in regulating parasympathetic activity and its activation is associated 
with successful suppression of affective responses to negative emotional stimuli as 
well (Hänsel & von Känel, 2008). One of its main targets is the central nucleus of the 
amygdala, which is the major efferent source of modulation of autononomic respons-
es, and an important component of the fi ght-fl ight network (Thayer & Lane, 2009). 
By increasing top-down control (i.e. modulating parasympathetic activity), the fi ght-
fl ight response may be more easily overruled, resulting in more adaptive response 
patterns in the context of typical daily life. Therefore, physical exercise may decrease 
risk of depression through increased prefrontal control, and this goes together with a 
reduced heart rate during stress (Thayer & Lane, 2009). Alternatively, heart rate itself 
may increase risk for depression. The body is a dynamic system and the heart and 
brain have strong reciprocal connections. Heightened response patterns to stressful 
situations in daily life may cause wear and tear of the body, and so increase risk for 
stress-related disease (Juster, McEwen, & Lupien, 2010). Finally, increased heart 
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rate may be interpreted by the limbic system as evidence of imminent threat, and so 
trigger additional stress reactions and negative emotions (Kinser, Goehler, & Taylor, 
2012), which may promote development of depressive symptoms. In short, the heart 
and the brain are reciprocally connected and form complex feedback loops, which to-
gether may infl uence (risk of) depression. Exercise may modulate this feedback loop 
at the level of the heart as well as the brain.  

The indirect pathways through hsCRP and HPA axis activity were not signifi cant, 
probably because of lacking associations between exercise and these variables, or be-
tween these variables and depressive symptoms. Affective symptoms were predicted 
by hsCRP levels, but hsCRP levels were not predicted by exercise. In contrast, exer-
cise predicted cortisol reactivity to social stress, but cortisol reactivity did not predict 
affective symptoms. The lack of association between exercise and hsCRP levels may 
relate to the nature of our sample; adolescents from the general population. On av-
erage, older and clinically depressed individuals experience more somatic problems, 
likely accompanied by infl ammation (Dantzer et al., 2008). Possibly, exercise only 
reduces hsCRP levels when the initial level of infl ammation is (pathologically) high. 
Associations between exercise and cortisol reactivity to social stress were previously 
reported in adults (Rimmele et al., 2007) and children (Martikainen et al., 2013), and 
now also in adolescents. 

The lack of associations between stress-induced cortisol levels and affective symp-
toms contradicted our expectations, but illustrates the many inconsistencies regard-
ing this relationship reported in the literature (Stetler & Miller, 2011). Depression 
can present differently in different individuals (van Loo, de Jonge, Romeijn, Kessler, 
& Schoevers, 2012). Moreover, in a previous study, we found that the relationship 
between cortisol responses to social stress and depressive problems depended on 
chronicity of these problems (Booij et al., 2013). In the current study, however, a sen-
sitivity analysis without individuals with chronic depressive problems yielded similar 
results. This suggests that chronicity was not responsible for the lack of associations. 
Because of our hypothesis of a general downregulation of the stress system by exer-
cise, we used stress-reactivity measures. However, others studies have found that lack 
of recovery after stress may be more strongly related to depression than increased 
reactivity (Burke et al., 2005). Hence, whether or not exercise improves HPA axis 
functioning and subsequently depressive symptoms may depend on the measures used 
and be moderated by the nature of the depressive symptoms.  

The present study has strengths and limitations. In the current study, we measured 
DSM-oriented depressive symptoms, which is not necessarily the same as depression. 
Nevertheless, it is increasingly recognized that depression is a dimensional, not cate-
gorical, construct (e.g. Hankin, Fraley, Lahey, & Waldman, 2005; Judd et al., 1998). 
This is further supported by the fact that subthreshold depressive symptoms are strong 
predictors of depression (e.g. Cuijpers & Smit, 2004). By measuring DSM-oriented 
symptoms, we measured the full range of the spectrum instead of both ends, which 



Markers of stress and in� ammation, exercise and depressive symptoms

145

increased precision of our outcome estimates. A drawback is that we had less power 
to detect signifi cant differences compared to studies selecting more individuals from 
the high end of the spectrum (i.e. clinically depressed individuals). Furthermore, po-
tential mediators and outcome were measured simultaneously, so we cannot conclude 
on the direction of the relationship between them. Also, there was a two-year interval 
between the waves, and exercise patterns may have changed in that period. However, 
a cross-sectional analysis led to comparable results, i.e. a stronger association of ex-
ercise with affective symptoms than with somatic symptoms, and a single signifi cant 
pathway through the AUCg of heart rate. 

Taken together, our fi ndings support the view that exercise may prevent or reduce de-
pressive symptoms, and that the stress system plays a role in this relationship. How-
ever, they also suggest that pathways from exercise to depression are symptom-de-
pendent and have limited explanatory power at the group level, possibly because of 
inter- and intraindividual variability. Future studies may adopt a more person-centered 
approach by examining intra-individual processes in subjects’ natural environments to 
enhance knowledge about subject-specifi c mechanisms.   
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ABSTRACT

Objective
The association between physical activity and affect found in longitudinal 
observational studies is generally small to moderate. It is unknown how this 
association generalizes to individuals. The aim of the present study was to in-
vestigate inter-individual differences in the bidirectional dynamic relationship 
between physical activity and affect, in depressed and non-depressed individu-
als, using time-series analysis.

Methods
A pair-matched sample of ten depressed and ten non-depressed participants 
(mean age = 36.6, sd = 8.9, 30% males) wore accelerometers and completed 
electronic questionnaires three times a day for 30 days. Physical activity was 
operationalized as the total energy expenditure (EE) per day segment (i.e. 6 
hours). The multivariate time series (T=90) of every individual were analyzed 
using vector autoregressive modeling (VAR), with the aim to assess direct as 
well as lagged (i.e. over 1 day) effects of EE on positive and negative affect, 
and vice versa.
  
Results
Large inter-individual differences in the strength, direction and temporal 
aspects of the relationship between physical activity and positive and negative 
affect were observed. An exception was the direct (but not the lagged) effect of 
physical activity on positive affect, which was positive in nearly all individu-
als. 

Conclusion
This study showed that the association between physical activity and affect 
varied considerably across individuals. Thus, while at the group level the ef-
fect of physical activity on affect may be small, in some individuals the effect 
may be clinically relevant. 
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INTRODUCTION

Physical activity or exercise is considered to be an effective treatment for depression 
(Ströhle, 2009; Ströhle et al., 2007; Dunn, Trivedi, Kampert, Clark & Chambliss, 
2005). This proposition is appealing, because physical activity can be implemented 
easily and with relative low costs. However, the empirical evidence of the effec-
tiveness of physical activity in alleviating depressive symptoms is not robust (Kro-
gh, Nordentoft, Sterne & Lawlor, 2010; Cooney et al., 2013; Chalder et al., 2012). 
Similarly, observational studies have shown an inverse association between physical 
activity and depressive symptoms (Farmer et al., 1988; Strawbridge, Deleger, Roberts 
& Kaplan, 2002; Salmon, 2001; Dunn, Trivedi & O'Neal, 2001), with small to moder-
ate effect sizes in different populations (Johnson & Taliaferro, 2011; Biddle & Asare, 
2011). Although large cohort studies with a few measurements are useful to detect 
general patterns and traits in the population, they are not suitable for studying dynam-
ic relationships between variables that fl uctuate in daily life (Hamaker 2012; Hamak-
er, Dolan & Molenaar, 2005), which is the case for physical activity and depressive 
symptoms. 

Some studies have adopted a more ecologically valid approach to investigate the 
association between depressive symptoms and physical activity. Ecological momen-
tary assessment (EMA) studies address the dynamic nature of factors by investigat-
ing them repeatedly over time in participants’ daily life. Depressive symptoms are 
characterized by increases in negative affect and decreases in positive affect (Clark & 
Watson, 1991). Improvement of depressive symptoms might therefore rely on lower-
ing negative affectivity and increasing positive affectivity in depressed individuals. 
Physical activity, as explained earlier, seems to alleviate depressive symptoms, and 
such benefi ts might be due to a reduction in negative affect while also improving 
positive affect. Because slight changes in positive and negative affect might accumu-
late over time to result in depressed mood, it is important to investigate how physical 
activity infl uences daily affect levels (Rosmalen, Wenting, Roest, de Jonge & Bos, 
2012). A recent literature overview of EMA studies investigating the relationship 
between physical activity and momentary affective states in daily life (Kanning, 
Ebner-Priemer & Schlicht, 2013) showed a generally consistent positive association 
between physical activity and positive affect across studies, which became stronger 
when only high-quality studies were included. In contrast, the infl uence of physical 
activity on negative affect, although observed in some studies (see for example LeP-
age & Crowther, 2010; Dunton, Liao, Intille, Wolch & Pentz, 2011), was non-existent 
in the majority of studies reviewed (see Kanning et al., 2013). 

The above EMA studies all used multilevel analysis to estimate dynamic associations. 
Although multilevel analysis allows for inter-individual differences when estimating 
the relationship between physical activity and mood, it is in principle a between-sub-
ject (group) approach; individual regression terms are averaged across the group and 
the same regression model is imposed on all subjects rather than modeling the dynam-
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ic relationship for each subject individually. Only under strict conditions can fi ndings 
at the inter-individual level be generalized to the intra-individual level (see Hamak-
er, 2012), and these conditions rarely apply to the study of dynamic psychological 
processes (Hamaker et al. 2005; Molenaar & Campbell, 2009). In addition, a with-
in-subject time-series approach may be more suitable for investigating bidirectional 
relationships than multilevel analysis, because these models are built at the individual 
level and all variables in the model can be used as both predictors and outcomes 
(Brandt & Williams, 2007). The added value of such an approach was illustrated by a 
recent time-series study investigating the dynamic relationship between daily physical 
activity and depressive symptoms in four middle-aged male post-myocardial infarc-
tion patients with mild to moderate depression (Rosmalen et al., 2012). In spite of the 
relatively homogeneous study sample, this study indicated individual heterogeneity in 
the direction and strength of the association. E.g., for some individuals, previous de-
pressive symptoms infl uenced the time spent on physical activity, while for others the 
direction and strength of the relationship was reversed. These individual differences, 
which have potential clinical relevance, would have gone unnoticed in a group design. 
This inter-individual heterogeneity observed should point to the fact that physical 
activity might be benefi cial for some individuals with regards to depression but not to 
others. 

The present study aimed to further elucidate inter-individual differences in the bi-
directional association between physical activity and affect. Adopting an intensive 
time-series approach, this study explored the dynamic relationship between directly 
measured physical activity (i.e., accelerometers) and affect in the daily life of pair-
matched depressed and non-depressed individuals, and individual differences therein. 

METHODS

Sample
The sample was part of the ‘Mood and movement in daily life’ (MOOVD) study, 
which was set up to investigate the dynamic relationship between physical activity 
and mood in daily life, and the role of several biomarkers therein. Participants (age 
20-50) were intensively monitored in their natural environments for 30 days, by 
means of electronic diaries, saliva sampling, and continuous actigraphy. The multi-
ple repeated measurements per individual (T=90) allowed assessing within-person 
temporal relationships between variables at the individual level. For the current study, 
10 depressed and 10 non-depressed participants, who were pair-matched on gender, 
smoking status, age, and body mass index (BMI), were included (the fi rst 20 partici-
pants that fi nished the study).  

Depressed individuals were recruited from the psychiatry department of the Univer-
sity Medical Center Groningen (UMCG) and the Center for Integrative Psychiatry 
(CIP) in Groningen, the Netherlands. Non-depressed participants were recruited from 
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the general population by means of posters and advertisements in local newspapers. 
Participants were screened for depressive symptoms with the Beck Depression In-
ventory version 2 (BDI-II; Beck, Steer & Brown, 1996) and for several other health 
conditions with a general health questionnaire. Individuals with a BDI-II score of >14 
(i.e., depressed group) and individuals with a BDI-II score of <9 (i.e., non-depressed 
group) were invited for the inclusion interview, according to the criteria proposed by 
Frank et al. (1991). Individuals with a BDI-II score between 9 and 14 were excluded 
in order to create a clear contrast between the depressed and non-depressed group. 
The inclusion interview covered the Composite International Diagnostic Interview 
(World Health Organization, 1990), and, if included, several questionnaires and 
a briefi ng in which the use of equipment and the electronic diary was explained. 
Depressed individuals were included if they met DSM-IV criteria for a Major Depres-
sive Disorder (current episode or in remission for no longer than 8 weeks). Non-de-
pressed individuals were included if they were free of mood disorders at the moment 
of inclusion. Individuals who reported chronic somatic illness or medication use that 
may directly infl uence functioning of the hypothalamic-pituitary-adrenal (HPA) axis 
or the autonomic nervous system (ANS) were excluded. Other reasons for exclusion 
were: pregnancy, signifi cant hearing or visual impairments, alcohol and drug abuse, 
and having a current or recent (within the last two years) psychotic or bipolar disorder 
as assessed with the CIDI interview. Participants received a remuneration for partic-
ipation (up to €100, dependent on compliance) and a personal report of their daily 
affect and activity patterns after the conclusion of the study. 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 Helsin-
ki Declaration of 1975, as revised in 2008. The MOOVD study design was approved 
by the Medical Ethical Committee of Groningen and all participants gave written 
informed consent.

Ambulatory sampling
Participants completed questionnaires on an electronic diary, the PsyMate (PsyMate 
BV, Maastricht, The Netherlands; see Myin-Germeys, Birchwood & Kwapil, 2011) 
for a total of 32 days, with the fi rst two days used to get familiar with the device. The 
PsyMate was programmed to generate beeps at three predetermined moments a day 
with equidistant intervals: in the morning (mean≈10:00 AM), six hours later in the 
afternoon (mean≈16:00 PM), and six hours later in the evening (mean≈22:00 PM). 
Three time points were chosen, in order to capture the major changes in affect during 
the day (morning, afternoon and evening) without sampling too often, because this 
compromises the total length of the study. This fi xed interval design was chosen to 
allow the application of time-series analysis. To capture most of participants’ daily 
life without intruding with their sleep habits, beeps were planned at the end of the 
morning, afternoon, and evening, with the exact time points depending on the individ-
ual participant’s sleep-wake schedule. We used the Munich Chronotype Questionnaire 
(MCTQ; Roenneberg et al. 2007) to determine a subject’s sleep wake rhythm. We 
determined the individual-specifi c sampling time using this information, such that 
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subjects fi lled out the diary about half an hour before their usual bedtime (and six 
and twelve hours before that). In addition, we asked about the time that an individual 
would go to bed if he/she would go to bed rather early. If this time deviated much 
from the usual bedtime, for practical reasons and compliance, we set the diary time 
somewhat earlier; 15-30 minutes earlier, depending on the specifi c answer. 

After every alarm beep, participants were asked to fi ll out the electronic diary. They 
were instructed to do so immediately after the beep, but a time window of one hour 
was used for situations in which this was not possible. It took approximately three to 
fi ve minutes for each participant to complete the electronic diary at each time point. 
Throughout the study period, participants wore the ActiCal® (Respironics, Bend, OR, 
USA), an omnidirectional water-resistant accelerometer, on the wrist of the non-writ-
ing arm. They were instructed never to remove the ActiCal except when entering a 
sauna or sunbed (high temperatures). The ActiCal recorded data over 1-min sampling 
intervals. For more details about the ActiCal, see (Heil, 2006). 

Measures
The electronic diary questionnaire contained 60 items on mood, cognition, and 
daily activities. Positive and negative affect scores were computed from affect items 
adopted from Bylsma, Taylor-Clift & Rottenberg (2011), rated on a 7-point Likert 
scale, ranging from 1 (“not”) to 7 (“very”). The positive affect scale refl ected the 
average of the items talkative, enthusiastic, confi dent, cheerful, energetic, satisfi ed, 
and happy; the negative affect scale of the items tense, anxious, distracted, restless, 
irritated, depressed and guilty. An example item is “I feel cheerful”. The affect items 
(‘I feel….’) were phrased in such a way as to capture how the participant felt at the 
moment of completing the diary.

Energy expenditure (EE) data from the ActiCal were used as a measure for physical 
activity. Each participant wore the ActiCal the whole day and night for the 30-day 
period of the study. This study focused on general physical activity during the day, 
which is defi ned as any type of EE resulting from bodily movements of skeletal mus-
cles (Caspersen, Powell & Christenson, 1985). The ActiCal uses an in-built algorithm 
to calculate activity EE, using the raw activity monitor data. The process of creating 
this algorithm is described by Heil et al. (2006). For each participant, the amount of 
EE (kcal/min) across all sampling minutes over one day segment (i.e. 360 minutes per 
segment) was summed. This resulted in total EE per day segment (kcal/day segment).

Person characteristics including age, gender, educational level, smoking status, coffee 
and alcohol intake, and the average amount of exercise per week (min) were obtained 
from questionnaires fi lled out at the baseline assessment. BMI was calculated from 
the weight and height of each individual.  

Statistical analysis
Missing diary data were imputed by means of Expectation-Maximization imputation 
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in IBM SPSS Statistics 20. For every participant, all variables used in the time-series 
model as well as auxiliary variables that were signifi cantly associated with these vari-
ables were used as predictor variables in the imputation. On average, participants had 
8 missing values (sd = 6.7, range = 0 - 22) on the diary variables (8.8%). Of the 20 
participants, three participants had missing actigraphy data at the last 9 or 10 days of 
the study, because of technical problems. These relatively large periods without activ-
ity records were discarded and not imputed, leaving 60-63 valid data points for these 
three participants, which is still considered suffi cient for the application of time-series 
analysis (Rosmalen et al., 2012; Lütkepohl, 2007).    
    
The multiple time series of every individual were analyzed using vector autoregres-
sive (VAR) modeling. A VAR model is a multivariate autoregressive model that 
consists of a set of regression equations for a system of two or more variables, in this 
case positive affect, negative affect, and EE (Brandt & Williams, 2007). All three 
variables in the system were treated as endogenous, which means that they could be 
both determinant and outcome. Each of the three endogenous variables was regressed 
on its own p lagged values and the p lagged values of the other variable. The errors of 
the VAR model should be serially uncorrelated but can be contemporaneously corre-
lated. VAR analysis is especially suitable for investigating the dynamic relationships 
between two or more variables: inferences can be made about the temporal order of 
effects, which can involve bidirectional effects and feedback loops (Brandt & Wil-
liams, 2007). Moreover, by analyzing all variables in one system, the most important 
effects will be identifi ed. For more details about VAR modeling and a non-technical 
introduction, see Brandt and Williams (2007) and Rosmalen et al. (2012), respective-
ly. 

The number of lags included in the models was a priori set to three, which is equiv-
alent to a period of one day. A fi xed number of lags was chosen to ease comparison 
of results for different participants. Considering the study’s exploratory nature, a 
relatively high number of lags was chosen, allowing for the investigation of relatively 
long-term lagged effects (i.e. over 3 time intervals = 1 day). To account for structural 
lower morning values for total EE, compared to afternoon and evening values – par-
ticipants spent part of the morning lying in bed – as well as diurnal rhythms in mood, 
dummy variables for morning and evening were included (afternoon served as a refer-
ence category). Variables for time and the square of time were included into the model 
if this was necessary to render the series stationary. Total EE was divided by 100 to 
accommodate the difference in scaling between EE and positive and negative affect. 
Maximum likelihood estimation with a degrees-of-freedom adjustment advocated for 
small samples was used for estimating the VAR coeffi cients (Lütkepohl, 2007).

VAR model assumptions, namely stability of the model, independence, homoscedas-
ticity and normality of residuals, were assessed using diagnostic checks (Lütkepohl, 
2007). If one of the tests indicated a violation of the model assumptions, models were 
adjusted, re-estimated, and re-evaluated, in an iterative model-building process, until 
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all assumptions were met. Outlier modeling was applied only if this was required to 
meet model assumptions, using the criterion of residual SD>3 (stepwise lowering to 
SD>2, if necessary; Field, 2009). Log transformation of the variables was applied if 
the residuals remained skewed. If scatterplots of skewed variables with other vari-
ables suggested curvilinear relationships, non-skewed variables were left untrans-
formed. In other cases, all endogenous variables were log-transformed.

To assess the direct effect of EE on positive and negative affect, we examined the 
contemporaneous correlations between the variables, which can be retrieved from the 
residuals of the fi nal models. These correlations represent the simultaneous correla-
tions between the variables, i.e., between the scores at the same assessment point. 

To assess the overall lagged effects of EE on positive and negative affect, and vice 
versa, the VAR regression coeffi cients of lags 1 to 3 were averaged into one joint 
coeffi cient, weighted by the inverse of their estimated standard error. Subsequently, 
the joint coeffi cients were standardized so that they could be compared across par-
ticipants. The lagged effects represent the delayed effects of past day’s EE on current 
positive and negative affect over time, and vice versa. To test the signifi cance of the 
overall lagged effects the Granger causality Wald test was used. This is a test for the 
directionality of the infl uence between two time series, which tests the joined effect of 
previous lags of the predictor on the outcome variable, controlling for previous lags 
of the outcome variable (Lütkepohl, 2007; Granger, 1969). In view of the exploratory 
nature of the study, a signifi cance level of 0.05 was used for all tests. 

We also assessed the relationship between physical activity and affective states using 
Cumulative Orthogonalized Impulse Response Function analysis (COIRF), to visual-
ize the dynamic behavior of the system and to calculate dynamic effect sizes. Impulse 
response functions (IRFs) allow tracing out the dynamic impacts of changes in each 
of the endogenous variables over time. They do so by visualizing the infl uence of 
an isolated shock in one of the variables (i.e. an impulse of 1 SD in EE or affect) to 
the other variable(s), showing how this shock is fed through the system. This means 
that all effects in the VAR model (e.g. effects of different lags, feedback loops) are 
incorporated. Orthogonalized IRFs (OIRFs) take into account both the lagged and 
the contemporaneous correlations among the variables (Brandt and Williams, 2007). 
They assume a specifi c pre-defi ned ordering for the contemporaneous relationship. 
Because the EE scores covered the period directly before the affect measurement, we 
assumed the order EE -> affect for the contemporaneous relationship. The cumulative 
versions of the OIRFs (COIRFs) display the accumulated impact of a shock in one 
variable on the other variables over a certain time horizon, in our case 1 day (3 steps). 
We present these COIRFs, because in VAR analysis these are used as a dynamic effect 
size measure (Rosmalen et al. 2012; Brandt and Williams, 2007). Effect sizes were 
standardized by dividing them by the standard deviation of the response variable for 
every individual. 
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In order to assess between-group differences, dependent t-tests (pair matched t-test) 
and chi-square tests were performed to explore differences between the depressed and 
non-depressed groups with respect to the number of subjects having positive vs nega-
tive associations between EE and positive and negative affect. These were done for 
the direct associations, the lagged effects, and for the dynamic effect sizes. All analy-
ses were done in STATA 11 using the suite of VAR commands (StataCorp. 2009).

RESULTS

Descriptives
The demographic and clinical characteristics of the depressed and non-depressed 
participants are presented in Table 1. 

Table 1. Demographic and clinical characteristics for the depressed and 
non-depressed group

Depressed group (n=10) Non-depressed group (n=10)
Mean SD Min Max Mean SD Min Max

Demographics
Age 36.4 10.3 22 49 36.7 7.9 24 46
Gender (% male) 30.0 — — — 30.0 — — —
Anti-depressants (% 
users) 1

60.0 — — — 0 — — —

Body Mass Index (BMI) 23.8 4.9 17.4 34.9 22.2 2.3 19.5 26.9
Educational level (0-3) 2.6 0.5 2 3 2.6 0.5 2 3
Lifestyle
Co� ee intake (per day) 2.2 2.5 0 8 1.8 1.4 0 4
Alcohol intake (per 
month)

10.8 14.5 0 40 8.4 14.4 0 48

Self-reported exercise 
frequency (per week)

1.7 1.5 0 4 2 1.5 0 4

Self-reported duration 
of exercise (min. per 
week)

83 89 0 240 133 109 0 240

Average EE over one 
day segment

233 77 126 385 258 69 120 369

Mood and depressive symptoms
Pre-BDI-II 32.5 10 20 51 2.8 3.4 0 10
Post-BDI-II 25.9 15.8 2 47 4.4 4.6 0 13
Average PA (1-7) 3.1 1.3 1.1 4.5 4.6 1.3 1.7 6.1
Average NA (1-7) 3.6 1.2 1.4 5.3 1.6 0.6 1.0 2.8

Note: BDI-II = Beck Depression Inventory, EE = energy expenditure, PA =  positive affect, 
NA =  negative affect 
1 including quetiapine and St.Johns wort.
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Short-term effect of physical activity on positive and negative affect
As depicted in Figure 1a, the majority of depressed (red bars) and non-depressed 
(blue bars) participants showed a positive contemporaneous association between 
EE and positive affect. As the EE scores covered the period directly before the af-
fect rating, this can be interpreted as a direct effect of EE on positive affect. For fi ve 
individuals (three non-depressed and two depressed) these positive associations were 
signifi cant (p<.05). The size of the correlation coeffi cients (r) was small to moderate, 
according to the suggestions provided by Cohen (1992; <0.1=small; <0.3=moderate; 
<0.5=large).  

Figure 1b shows the direct association between EE and negative affect for depressed 
(red bars) and non-depressed (blue bars) participants. This can be interpreted as a 
direct effect of EE on negative affect. Seven of them showed a positive (non-signifi -
cant) contemporaneous association between EE and negative affect, while ten partici-
pants showed a negative association, without any apparent differences between the 
groups (depressed and non-depressed). For two individuals (one depressed and one 
non-depressed) the negative association between EE and negative affect was signifi -
cant (p<.05). The size of these correlation coeffi cients was again small to moderate.  

The between-group analysis (chi-squared and dependent t-tests) showed no difference 
between the depressed and non-depressed groups with regards to the number of sub-
jects showing a positive vs. a negative contemporaneous association between physical 
activity and positive affect (X2=.01, df=1, p> .05; t=.89, df=9, p>.05) or negative 
affect (X2=.08, df=1, p> .05; t=.37, df=7, p>.05).

Figure 1a and 1b. Direct association between physical activity and positive (1a) and negative 
(1b) affect for the depressed (red / dark grey bars) and non-depressed (blue / light grey bars) 
individuals. * signifi cant at the .05 level. Values on y-axis depict correlation coeffi cients (r).
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Lagged effect of physical activity on positive and negative affect
The lagged associations between previous values of EE (i.e. the joint effects of lag 1, 
lag 2, and lag 3) and current values of positive affect varied greatly between individ-
uals (Figure 2a). Seven participants showed a positive lagged effect of EE on positive 
affect, but only for two (one depressed and one non-depressed individual) this effect 
was signifi cant. For the remaining 12 participants a negative lagged effect of EE on 
positive affect was observed, and for four individuals (all non-depressed) this effect 
was signifi cant. Mixed effects (i.e. both positive and negative associations on differ-
ent lags) were present in two of them (participant 15 and 16). Figure 2b shows the 
results for EE and negative affect. The majority of participants (eleven compared to 
seven participants) showed a negative lagged effect of EE on subsequent negative 
affect, which was signifi cant in three participants (one depressed and two non-de-
pressed). Overall, the effect sizes (i.e., beta) of the lagged effects of EE on positive 
and negative affect were small. Lagged effects indicate an effect of past day’s EE on 
current affective states.  

The between group analysis again showed no difference between the depressed 
and non-depressed groups with respect to the lagged effect of EE on positive affect 
(X2=.09, df=1, p> .05; t=-.03, df=8, p>.05) or negative affect (X2=.011, df=1, p>.05; 
t=-.61, df=7, p>.05).

Figure 2a and 2b. Lagged associations between physical activity and positive (2a) and neg-
ative (2b) affect in the depressed (red / dark grey bars) and non-depressed (blue / light grey 
bars) individuals. * signifi cant at the .05 level. ~ signifi cant association with mixed sign of co-
effi cients at different lags. Values on y-axis depict standardized regression coeffi cients (beta).

Lagged effect of positive and negative affect on physical activity
The majority of the participants (n=14) showed a positive association between lagged 
values of positive affect and current values of EE (Figure 3a). For two participants 
(both depressed) this association was signifi cant. Five participants (three depressed 
and two non-depressed) showed a non-signifi cant negative association. Figure 3b 
shows the results for negative affect and EE. The majority of participants showed 
a positive lagged effect of negative affect on subsequent EE (eleven compared to 
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seven participants). For only one (depressed) participant this effect reached statistical 
signifi cance (p<.05). Overall, the effect sizes (i.e., beta) of the lagged effects between 
positive and negative affect and EE were small. Lagged effects indicate an effect of 
past day’s affective states on current EE.  

The between group analysis showed no difference between the depressed and non-de-
pressed groups with respect to the lagged effects between positive and negative affect 
and EE (X2=1.01; df=1, p>.05; t=.39, df=8, p>.05 and X2=1.57, df=1, p>.05; t=-.55, 
df=7, p>.05 respectively). 

Figure 3a and 3b. Lagged associations between positive (Figure 3a) and negative (Figure 3b) 
affect and physical activity in the depressed (red bars) and non-depressed (blue bars). * signifi -
cant at the .05 level. Values on y-axis depict standardized regression coeffi cients (beta).

Direction of the relationship
None of the individuals showed a signifi cant bidirectional relationship between 
physical activity and positive or negative affect. Six participants showed a signifi cant 
lagged effect of EE on positive affect, while two participants showed a signifi cant 
lagged effect of positive affect on EE. Three participants showed a signifi cant lagged 
effect of EE on negative affect, while one participant showed a signifi cant lagged 
effect of negative affect on EE.

Dynamic effect sizes (COIRFs)
The dynamic effect over a 1-day horizon of an impulse of 1 SD in EE on positive 
affect ranged from -0.38 to 0.78 (see Table 2). For the majority of participants, the 
effects were positive (13 out of 19). The effects were signifi cant for fi ve individuals 
with a positive effect. Furthermore, the dynamic effect of an impulse of 1 SD in EE 
on negative affect ranged from -0.59 to 1.04, and it was negative for 10 out of 19 par-
ticipants. A signifi cant positive effect was found for one participant, and a signifi cant 
negative effect was found for two participants. In the other direction, the dynamic 
effect of an impulse of 1 SD in positive affect on EE ranged from -0.34 to 0.31, and 
the majority had a positive sign (13 out of 19). There was a positive signifi cant effect 
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for three individuals, and a negative signifi cant effect for one individual. Finally, the 
dynamic effect of an impulse of 1 SD in negative affect on EE ranged from -0.10 to 
0.24, and it was positive for 12 out of 18 individuals. The effect was positive and 
signifi cant for three individuals.

Table 2. Dynamic cumulative effect size over a 3-step horizon
ID EE (impulse) – 

PA (response)
EE (impulse) – 
NA (response)

PA (impulse) – 
EE (response)

NA(impulse) – 
EE (response)

1  0.02  0.04  0.15  0.01
2 -0.24 -0.25  0.21  0.23
3  0.18  0.20 -0.25  0.11
4  0.09 -0.15  0.36  0.26
5 -0.03 -0.13 -0.12  0.06
6  0.11 -0.17 -0.19 -0.06
7  0.05 -0.03  0.11  0.07
8 -0.11 -0.13  0.08 -0.02
9  0.09  0.18  0.02 -0.05
10 -0.17  0.05
11  0.04 -0.12  0.15  0.00
12 -0.29  0.24  0.10  0.29
13  0.64 -0.42  0.13 -0.07
14  0.18  0.19 -0.17
15 -0.04 -0.29  0.14 -0.17
16  0.02  0.03  0.36  0.10
17  0.12  0.00 -0.14 -0.01
18  0.14  0.00  0.41  0.15
19 -0.14  0.03  0.09  0.20
20  0.10 -0.07

Note: Impulse = one standard deviation in the impulse variable. Bold effect size indicates that 
zero does not lie in 90% confi dence interval. EE =  Energy expenditure, PA = Positive affect, 
NA = Negative affect.

DISCUSSION

To our knowledge, this is the fi rst study to use a within-subject time-series approach 
to investigate the dynamic relationship between physical activity and affective states 
in depressed and non-depressed individuals. The associations found were not consist-
ent across individuals. For some individuals, physical activity was positively related 
to positive affect and negatively related to negative affect, while for others the sign 
of the relationship was opposite. Additionally, in some individuals changes in phys-
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ical activity were followed by changes in affective states, while in others changes in 
affective states were followed by changes in physical activity, and in another group of 
individuals no temporal effects were found at all. An exception was the direct asso-
ciation between physical activity and positive affect, which was positive in nearly all 
individuals, albeit with varying effect sizes.

A positive relationship between physical activity and positive affect has also been 
found in the majority of group-based EMA studies (for example see Wichers et al., 
2012; Giacobbi, Hausenblas & Frye, 2005; Schwedtfeger et al., 2010). Schwedtfeger 
et al. (2010), showed a relationship between EE and positive affect, where increases 
in bodily movements of varying intensity were associated with increases in positive 
affect. Wichers et al. (2012) showed that increases in physical activity resulted in in-
creases in positive affect. These increases in positive affect were shown to last up to 3 
hours later. However, the lagged effect of physical activity on positive affect was not 
consistently found in our current study; in some individuals it was positive, while in 
others it was negative. Furthermore, the strength of the lagged relationship was small 
to negligible for most individuals. Thus, the results suggest that physical activity en-
hances positive affect directly while only in some individuals there is also a delayed 
effect, contrary to the fi ndings by Wichers et al. (2012). 

The increase in positive affect following physical activity did not seem to differ 
between depressed and non-depressed individuals as the between-group analysis 
showed. However, the small sample size used in this study is not optimal to draw 
strong conclusions regarding between-group differences. Wichers et al. (2012) 
showed that the effects of physical activity on positive affect did not differ between 
people who scored high versus low on the continuous depressive symptom scale. 
However, they did fi nd that for individuals with a history of depression this effect 
lasted a shorter period of time. Another EMA study, comparing patients with a 
depressive disorder and non-depressed controls (Mata et al., 2012), showed similar 
improvements in positive affect after physical activity in both groups. Hence, physical 
activity seems to (directly) improve positive affect in individuals regardless of their 
depression status. 

While the direct association between physical activity and positive affect was quite 
consistent across individuals, this was not the case for negative affect. Both positive 
and negative associations between physical activity and negative affect were ob-
served, though the strongest effect sizes were negative. A similar pattern emerged for 
the lagged effects of physical activity on negative affect. In some individuals there 
was a negative effect of physical activity on negative affect, but in most individuals 
this relationship was weak or non-existent. When aggregating data of individuals with 
opposing effects of physical activity on negative affect, the group-level effect will be 
small and inconsistent across different study samples. Hence, individual differences 
may explain inconsistent results in EMA studies regarding the relationship between 
physical activity and negative affect (Kanning et al., 2013).
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Observational (between-subject) studies have found a reciprocal relationship between 
physical activity and depressive symptoms (Lindwall, Larsman & Hagger, 2011; 
Jerstad, Boutelle, Ness & Stice, 2010; Stavrakakis, de Jonge, Ormel & Oldehinkel, 
2012). The available EMA studies also suggest that there are reciprocal relationships 
between affective states and physical activity (Giacobbi, Hausenblas & Frye, 2005; 
Hawkley et al., 2009). Wichers et al. (2012), however, could not fi nd evidence that 
increases in positive affect resulted in increases in physical activity. The present study 
extends the above fi ndings by showing that in some individuals changes in positive 
affect were followed by changes in physical activity levels, while in others it was the 
other way around. Interestingly, none of the individuals showed a noticeable bidirec-
tional relationship. If these data were aggregated, a bidirectional relationship at the 
group level might have been concluded, while in all individuals the relationship was 
unidirectional, albeit in different directions. 

The strength of the effects (correlation coeffi cients and standardized regression coef-
fi cients, which can be interpreted as effect sizes; Cohen, 1992) was generally small, 
but considering the non-experimental daily-life design and the short intervals between 
the measurements this could have been expected (Wichers et al., 2012). Nonetheless, 
small effects can accumulate over time and become larger, because of the way these 
changes are disseminated through the system and mutually enhanced through possible 
feedback loops. This was nicely illustrated by the results of the Impulse Response 
Function analysis, which examines exactly this process. The dynamic effects were 
generally larger than the individual lagged and contemporaneous effects. If physical 
activity becomes a daily habit, for instance through regular sport participation, this 
could result in systematic long-term improvements in positive affect. Future research 
using intensive time-series designs should explore this putative accumulating effect in 
more detail, in order to elucidate whether the short-term benefi ts of physical activity 
on affect can accumulate into larger benefi ts over time, and if so, in which individu-
als. 

Clinical Relevance
Two fi ndings from the current study might be of interest to clinicians. First, these 
results suggest that physical activity might benefi t positive affect in the short-term. A 
recent meta-analysis of randomized controlled studies showed evidence of a short-
term benefi t of physical activity on depression (Krogh et al., 2010). The results from 
the present study support and extend this fi nding by showing that these short-term 
benefi ts might be acting through an elevation of positive affect rather than through 
a decrease in negative affect for the majority of individuals. However, this short-
term effect was signifi cant in only a few individuals and therefore the conclusion 
that physical activity can elevate individuals’ positive affect is tentative. The mech-
anisms behind this putative short-term benefi t of physical activity on positive affect 
are currently not understood. Some hypotheses have been proposed implicating the 
endorphin system (Thoren, Floras, Hoffmann & Seals, 1990; Dishman & O’Connor, 
2009) and increases in self-effi cacy (Bodin & Martinsen, 2004), but future research is 
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needed to explore these in more depth.

Second, in some individuals high levels of positive or negative affect were associated 
with subsequent increases in physical activity in the current study. Feeling good might 
increase the level of physical activity engagement, but apparently also feeling bad 
might have such an effect in some individuals. This concurs with the suggestion that 
physical activity might be perceived as an effi cient strategy to repair negative affect, 
i.e., ‘walking off’ negative affectivity (Clark & Isen, 1982). The present study cannot 
address this hypothesis properly, but suggests inter-individual differences in the way 
affect infl uences subsequent activity levels that need to be taken into account.

Strengths & Limitations
This study has several notable strengths. First, the time-series design allows the in-
vestigation of the associations at the individual level, thanks to the multiple repeated 
measurements over time, and also allows for the exploration of temporal patterns and 
the direction of the relationship. Second, although obtaining multiple repeated meas-
urements can be troublesome, time-consuming, and demanding, especially for partic-
ipants with depression, the compliance of the participants did not seem to deteriorate 
signifi cantly in this study. There was no indication that the participants were unable or 
found it diffi cult to comply with the study protocol, and any systematic missing val-
ues were due to technical problems with the accelerometers. Even in these cases the 
number of obtained measurements per individual (>60) was still adequate to perform 
time-series analysis.  Finally, in this study the sample was matched on four important 
variables, and this should help to explore inter-individual differences in a relatively 
homogeneous sample of depressed and non-depressed individuals. Ideally, the sub-
groups should be matched on other important variables (e.g., occupation, disability 
status, socioeconomic status and personality) as well. However, for practical reasons, 
this was not possible.

The results from this study should be interpreted with some caution due to several 
limitations. First, the generalizability of within-subject studies to the population at 
large is limited, and this is the trade-off that comes with the increased specifi city of 
within-subjects time-series studies. Therefore, a combination of within- and be-
tween-subject approaches is warranted in order to improve our understanding of the 
complex relationship between physical activity and daily affect. Second, the models 
applied in this study assume that the relationship between physical activity and affect 
is linear. It is possible that the relationship between the two is curvilinear and a spe-
cifi c threshold (i.e., frequency, duration or intensity) of physical activity is needed to 
benefi t individuals with regards to their affect, while exceeding this threshold might 
result in negative consequences. However, a post-hoc t-test comparison showed that 
there were no signifi cant differences in the relationship between physical activity and 
affective states between individuals who were relatively active throughout the month, 
compared to individuals who were relatively inactive (see Supplementary Table A). 
Another potential limitation is that the strength of an association depends on the 
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degree of variability in the data. Therefore, it is possible that for some individuals 
the variability between the measures was not large enough to detect an association. 
Moreover, this study did not take into account the nature of physical activity and the 
different contexts in which activities are done. It is reasonable to expect that different 
types of activities (e.g. exercise, shopping, household) will have different effects on 
affect. Furthermore, this study considered the temporal ordering of the contempora-
neous associations to be from physical activity to affect, given the fact that physical 
activity covered each time period as a whole and affect was assessed at the end of 
each time period. It is possible that reverse effects (affect to physical activity) were 
acting here as well, which might have introduced bias in the interpretation. However, 
due to the design of the study this eventuality was not assessed. Finally, the contem-
poraneous and lagged associations were separated in the VAR models of this study, to 
distinguish the dynamic from the simultaneous part of the model (Brandt & Williams, 
2007). An alternative approach may be the unifi ed SEM approach developed by 
Gates, Molenaar, Hillary, Ram and Rovine (2010), which integrates the estimation of 
contemporaneous and lagged relationships. 

Conclusion
In conclusion, inter-individual differences in the magnitude and direction of the 
relationship between physical activity and positive and negative affect using a with-
in-subjects time-series design were explored. The fi ndings provided evidence that 
the strength and direction of the relationship between physical activity and affect 
differs across individuals. Future time-series studies in larger groups could identify 
subgroups that benefi t from physical activity, which could subsequently be subtyped 
using multiple predictor variables (e.g. genetic makeup, personality). Otherwise, 
time-series approaches could be directly implemented in clinical care (e.g. while on a 
waiting list), using automated time-series analyses and personalized feedback, which 
are already available for research purposes (Emerencia et al., 2014). Prediction mod-
els as well as automated feedback could both aid the clinician in the decision whether 
to implement physical activity interventions for depressed mood or not.
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SUPPORTING INFORMATION

Table A. T-test for high- versus low-active groups
Relationship T (df) p-value Mean dif-

ference
St. Error 
difference

95% CI

EE (lagged) - PA   0.370 (17) 0.716   0.017 0.455 -0.079 – 0.113
EE (lagged) - NA -0.142 (16) 0.889 -0.008 0.054 -0.123 – 0.107 
PA (lagged) - EE   0.475 (17) 0.641   0.159 0.034 -0.055 – 0.087
NA (lagged) - EE   1.072 (16) 0.300   0.026 0.024 -0.025 – 0.076
EE (direct) - PA -2.073 (18) 0.053 -0.083 0.040 -0.167 – 0.001
EE (direct) - NA   1.628 (16) 0.123  0.085 0.052 -0.026 – 0.195

Abbreviations: EE, Energy expenditure; PA, Positive affect; NA, Negative affect; CI, confi -
dence interval.
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ABSTRACT

Background
Using an intensive time-series approach, we explored whether fl uctuations in 
cortisol mediate the relationship between physical activity and affective states 
in daily life at the individual level. We did so for nine individuals whose affect 
benefi tted from physical activity as previously assessed in Stavrakakis et al. 
submitted.

Methods
The participants (age 20-50) wore accelerometers continuously, and fi lled out 
electronic diaries and sampled saliva three times a day for 30 days. For each 
participant, the amount of energy expenditure (EE; kcal/min) was summed 
across all sampling minutes over one day segment (i.e. 360 minutes per seg-
ment). The multiple time series of every individual (i.e. EE, cortisol, and 
positive or negative affect) were analyzed using vector autoregressive (VAR) 
modeling. Depending on the temporal relationship between physical activity 
and affect previously found, direct (i.e. within 6 hours) or direct and lagged (6 
hours – 1 day) mediation effects were assessed.

Results & Conclusion
The results did not support a mediatory pathway from physical activity to 
affect via cortisol, because we found this mediation pathway in only one of the 
nine participants. Mediatory pathways over smaller time intervals, and indi-
vidual differences in the mechanisms involved in the antidepressant effect of 
physical activity may explain the negative fi ndings. 
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INTRODUCTION

Studies suggest a benefi cial effect of physical activity on depressive symptoms, and 
in multiple ways. On the one hand, physical activity seems to have a long-term effect: 
exercise interventions of several weeks to months reduce depressive symptom levels 
afterwards (Rimer et al., 2012), and having an active lifestyle predicts low levels of 
depressive symptoms a few years later (Stavrakakis, de Jonge, Ormel, & Oldehinkel, 
2012). On the other hand, there seems to be a short-term effect as well: physical activ-
ity can improve affective states within the context of daily life (Kanning, Ebner-Prie-
mer, & Schlicht, 2013; Stavrakakis et al., submitted), which subsequently prevents or 
ameliorates depressed mood (e.g. Geschwind et al., 2011; Wichers et al., 2010).

The antidepressant effect of physical activity is poorly understood. One potential 
physiological mechanism involves the hypothalamic-pituitary-adrenal (HPA) axis, 
one of the major stress systems of the body that functions to maintain energy homeo-
stasis. This system is thought to play an important role in the onset and progression of 
depression (e.g. Holsboer & Ising, 2010). Trained individuals show reduced cortisol 
responses to psychological stress, compared to non-trained individuals (Rimmele et 
al., 2007). Therefore, in a prospective cohort study, we tested the hypothesis that the 
HPA axis responses to psychosocial stress would mediate the relationship between 
exercise habits and depressive symptoms (Booij, Bos, Jonge, & Oldehinkel, 2014), 
but did not fi nd support for such a mediatory pathway. 

Instead of long-term changes in HPA axis functioning, subtle fl uctuations in cortisol 
may play a role in the effect of physical activity on depressive symptoms, by infl u-
encing affective states in daily life. In rats, physical activity reduced cortisol secretion 
to ongoing or recent stressors (Starzec, Berger, & Hesse, 1983). In humans, physical 
activity reduced the cortisol response to subsequent psychosocial stress (Zschucke, 
Renneberg, Dimeo, Wüstenberg, & Ströhle, 2015). In turn, this reduction in cortisol 
response may alter functioning of emotional circuits in the brain and, hence, infl uence 
affective states (Salmon, 2001; Sarabdjitsingh et al., 2010). In a previous daily diary 
study with continuous actigraphy, we found that the infl uence of physical activity on 
affective states varied among individuals; while it positively infl uenced affect in some 
individuals, it did not do so in others (Stavrakakis et al., submitted). Furthermore, in 
some individuals, the effect of physical activity was relatively direct (i.e. physical 
activity levels in the past 6 hours infl uenced subsequent affect), while in others it was 
delayed. The origin of these individual differences is not well understood; among 
other things, genetic makeup, physical fi tness, and contextual factors may play a role 
(e.g. Mata et al. 2010; Berlin et al. 2006; Harvey et al. 2010). Nevertheless, these 
fi ndings highlight the importance of studying associations within individuals, instead 
of groups. Hence, we used an intensive time-series approach to explore whether 
fl uctuations in cortisol mediate the relationship between physical activity and affect at 
the individual level, and we did so for those individuals of the previous study whose 
affect benefi tted from physical activity (Stavrakakis et al. submitted). 
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In line with the previous study, physical activity was summed over 6 hour intervals, 
and direct (i.e. up to 6 hours) as well as lagged (6 hours – one day) effects were 
assessed. We expected the average direct and lagged effect of physical activity on 
cortisol to be negative. However, it is known that intense or prolonged physical activi-
ty may initially increase cortisol levels (e.g. Jacks, Sowash, Anning, McGloughlin, & 
Andres, 2002), before they return to baseline and even drop below that (e.g. Hack-
ney & Viru, 1999). The reported dissipation time varies, but levels usually return to 
baseline after approximately 60 minutes (e.g. Harte, Eifert, & Smith, 1995; Shaner et 
al., 2014). Because of this combination of effects, we expected the direct effect to be 
weaker than the lagged effect. Finally, we expected a positive infl uence of cortisol on 
negative affect, and a negative infl uence of cortisol on positive affect.

METHODS

This study was conducted in a subsample of the participants of the ‘Mood and move-
ment in daily life’ (MOOVD) study. Depressed and non-depressed participants (age 
20-50, n=56) were intensively monitored in their natural environments for 30 days, by 
means of electronic diaries, saliva sampling, and continuous actigraphy. The multiple 
repeated measurements per individual (T=90) allowed assessing within-person tem-
poral relationships between variables at the individual level. A previous study from 
our group, in the fi rst 20 participants of this sample, revealed that in some individu-
als physical activity improved affective states, while in others there was no or even 
a negative infl uence (Stavrakakis et al., submitted). The sample of the present study 
consisted of the nine participants for whom we found a benefi cial infl uence of phys-
ical activity on affective states. More specifi cally, physical activity reduced negative 
affect in three participants (participants 1-3), increased positive affect in fi ve (partici-
pants 5-9), and did both in one (participant 4).

Participants completed questionnaires on an electronic diary, the PsyMate (PsyMate 
BV, Maastricht, The Netherlands) (Myin-Germeys, Birchwood, & Kwapil, 2011), for 
30 days. The PsyMate was programmed to generate beeps at three predetermined mo-
ments a day with equidistant intervals of 6 hours (i.e. in the morning, the afternoon, 
and the evening). After every alarm beep, the participants were asked to fi ll out the 
electronic diary. Among other things, the electronic diary questionnaire contained 14 
items on mood, which were adopted from Bylsma et al. (2011). From these items, 
rated on a 7-point Likert scale, positive and negative affect scores were computed by 
averaging the scores on the positive and negative affect items, respectively. Saliva 
was collected while completing the diary, by means of a synthetic collection device, 
the Salivette®. Participants were not allowed to eat or drink anything except water, 
nor to smoke or brush their teeth within 30 minutes before saliva sampling. Samples 
were analyzed by means of online-solid phase extraction in combination with isotope 
dilution liquid chromatography-tandem mass spectrometry (LC-MS/MS). Activity 
energy expenditure (EE) data from the ActiCal, which was worn throughout the total 
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study period, was used as a measure of physical activity. For each participant, the 
amount of EE (kcal/min) was summed across all sampling minutes over one day seg-
ment (i.e. 360 minutes per segment). This resulted in total EE per day segment (kcal/
day segment). For further details about the ambulatory assessments regarding physi-
cal activity, see Stavrakakis et al. (submitted), and regarding cortisol sampling, see 
Booij et al. (2015).

The multiple time series of the nine individuals were analyzed using vector autore-
gressive (VAR) modeling. VAR analysis is especially suitable for investigating the 
dynamic relationships between two or more variables: inferences can be made about 
the temporal order of effects, which can involve bidirectional effects and feedback 
loops (Brandt & Williams, 2007). All three variables in the system (EE, cortisol, and 
negative or positive affect) were treated as endogenous, which means that they could 
be both determinant and outcome. Similar to Stavrakakis et al. (submitted), the maxi-
mum number of lags included in the models was set to three, which is equivalent to a 
period of one day. For more details about VAR modeling and a non-technical intro-
duction, see (Brandt & Williams, 2007) and (Rosmalen, Wenting, Roest, de Jonge, & 
Bos, 2012), respectively. 

To account for structurally lower EE values in the morning than in the afternoon and 
evening – participants spent part of the morning lying in bed – as well as for diurnal 
rhythms in mood, dummy variables for morning and evening were included in the 
model (afternoon served as a reference category). Variables for time and the square 
of time were included if this was necessary to render the series stationary. Total EE 
was divided by 100 to accommodate the difference in scaling between EE and the 
other measures. Because the distribution of cortisol was skewed, we chose to log 
transform cortisol. VAR model assumptions, namely stability of the model, independ-
ence, homoscedasticity and normality of residuals, were assessed using diagnostic 
checks (Lütkepohl, 2005). When one of the tests indicated a violation of the model 
assumptions, models were adjusted, re-estimated, and re-evaluated, in an iterative 
model-building process, until all assumptions were met. 

To test the signifi cance of the overall lagged effects, the Granger causality Wald test 
was used. This is a test for the directionality of the infl uence between two time series 
(Granger, 1969; Lütkepohl, 2005). The contemporaneous correlations between the 
variables were retrieved from the residuals of the fi nal models. As the EE measure 
covered the 6-hour period directly before the saliva sampling, we consider this asso-
ciation as a direct effect of EE on cortisol. Also, cortisol samples refl ect HPA axis ac-
tivity 20 minutes earlier. Since saliva was sampled during the assessment of affect, we 
consider this association as a direct effect of cortisol on affect. Mediation was defi ned 
as a signifi cant effect of EE on cortisol combined with a signifi cant effect of cortisol 
on affect. If the effect of physical activity on affect in the previous study was lagged 
for a participant, both lagged and direct mediation effects were assessed (e.g. physical 
activity may directly infl uence cortisol levels, but cortisol may infl uence affective 
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states over longer time periods). If the effect was direct, only direct mediation effects 
were assessed (see, Stavrakakis et al. submitted). All analyses were done in STATA 11 
using the suite of VAR commands (StataCorp, 2009).

RESULTS

Descriptive statistics
Descriptive statistics are displayed in Table 1.

Table 1. Descriptive statistics of the sample
ID1 ID2 ID3 ID4 ID5 ID6 ID7 ID8 ID9

Demographic
Gender F F M F F F M F M
Age 41 27 40 31 46 41 22 34 24
BMI 22.3 21.9 20.4 22.0 22.2 19.5 20.2 26.9 21.2
Lifestyle
Self-
report 
exercise 
(min/
week)

120 240 240 240 0 165 110 240 40

Clinical
DSM-IV 
Depres-
sion 

Yes No No Yes No No Yes No No

BDI-II 20 1 7 43 3 3 30 0 0
Ambulatory sampling

Mean (SD)
PA (1-7) 4.48 

(0.61)
5.27
(0.73)

4.90 
(0.43) 

1.22 
(0.29)

5.41 
(0.53)

5.48 
(0.61)

3.70 
(0.67)

6.08 
(0.52)

4.17 
(0.82)

NA (1-7) 1.36 
(0.32)

1.51 
(0.53)

1.52 
(0.39)

5.28 
(0.54)

1.04 
(0.14)

1.15 
(0.17)

2.79 
(0.63)

1.05 
(0.18)

2.64 
(0.72)

EE (kcal/
day seg-
ment)

385.4 
(167.0)

277.5
(170.4)

241.7 
(344.4)

199.2 
(127.9) 

259.0 
(106.8) 

294.3 
(160.5) 

294.1 
(239.8) 

369.1 
(172.9) 

122.3 
(81.2)

Cortisol 
(nmol/l)

2.27 
(2.56)

3.15 
(2.66)

2.71 
(1.92)

4.45 
(4.73)

2.69 
(1.92)

4.13 
(3.51)

2.73 
(2.22)

2.97 
(2.98)

1.78 
(1.41)

Note: ID= participant number, F= Female; M= Male; BMI= Body Mass Index; DSM= Diag-
nostic and Statistical Manual of Mental Disorders, BDI-II= Beck Depression Inventory; EE= 
energy expenditure; PA= positive affect; NA= negative affect 
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Mediation analyses
We found a mediation pathway from physical activity to affect via cortisol in one of 
the nine participants (ID 6; Table 2). Specifi cally, physical activity had a direct nega-
tive effect on cortisol and cortisol had a direct negative effect on positive affect. For 
two individuals, there was a (borderline) signifi cant direct effect of physical activity 
on cortisol, but not of cortisol on affect (ID 2, ID 7). For both of the individuals, the 
effect of physical activity on cortisol was positive. Another three individuals showed 
a signifi cant effect of cortisol on affect, but not of physical activity on cortisol (ID 3, 
ID 4, ID 9). For one individual this was a direct positive effect on negative affect (ID 
3), for another this was a direct negative effect on positive affect (ID 9), and for the 
last person this was a lagged (t-1) negative effect on positive affect (ID 4: β = -1.88). 
Because the latter was the only signifi cant lagged effect, all lagged effects were omit-
ted from Table 2.

Table 2. Pathways from physical activity to cortisol, and from cortisol to nega-
tive and positive affect

Physical activity -> cortisol Cortisol -> negative affect
r (direct effect) r (direct effect)

1 -0.08  0.09
2  0.24* -0.15
3 -0.04  0.25*
4  0.04 -0.08

Physical activity -> cortisol Cortisol -> positive affect
r (direct effect) r (direct effect)

4  0.06  0.00
5 -0.19†  0.14
6 -0.25* -0.25*
7  0.21†  0.13
8 -0.07  0.00
9 -0.07 -0.22*

Note: Underlined values indicate a pathway from physical activity to affect through cortisol. 
† p < 0.10, * p < 0.05

DISCUSSION

This study addressed the question whether cortisol mediates the infl uence of physical 
activity on affective states in daily life. For this purpose, we examined nine indi-
viduals for whom we had previously found a positive infl uence of physical activity 
on affective states (see Stavrakakis et al., submitted). The results did not support a 
mediatory pathway from physical activity to affect via cortisol, because for eight out 
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of nine individuals cortisol did not signifi cantly mediate the relationship between 
physical activity and affect. 

The one other study in humans that tested whether physical activity acutely infl u-
enced affective states via cortisol could not confi rm this hypothesis either. Specifi -
cally, in this study it was tested whether exercise dampened subsequent psychosocial 
stress-induced cortisol responses, and whether this in turn enhanced mood after the 
psychosocial stress task (Zschucke et al., 2015). While they did fi nd a buffering effect 
of physical activity on stress-induced cortisol release, this did not infl uence mood 
immediately after stress. 

There may be several reasons why, for most participants, we did not fi nd a corti-
sol-reducing effect of physical activity. First of all, these participants may have been 
physically active very often at intense levels immediately prior to saliva sampling. 
Because of that, both acute increases in cortisol and later decreases in cortisol may 
have been captured during the sampling period, resulting in small and non-signifi cant 
average effects. Another (opposing) reason is that participants were not physically ac-
tive enough. In the study of Zschucke et al., a reduced cortisol response to subsequent 
stress after exercise was found, but they also found an inverse relationship between 
the acute cortisol response to exercise and the cortisol response to subsequent stress. 
This suggests that an increase in cortisol during exercise is necessary for a corti-
sol-buffering effect later on. Given the daily life settings of our study and the char-
acteristics (i.e. non-athletes) of the participants, it is more likely that the participants 
rarely reached high intensity activity levels than that they reached it very often.
A fi nal reason for the non-signifi cant effect of physical activity that we found in most 
participants, is that physical activity may reduce cortisol in the context of (consid-
erable) stress only. Because of the daily life settings of our study, some individuals 
in our study may have rarely encountered stress immediately before or after being 
physically active. The two previous studies (one in humans, one in rats) that assessed 
the infl uence of acute physical activity on cortisol both found a cortisol-reducing 
effect. However, they particularly assessed the preventive effects of physical activity 
on stress-induced cortisol (Zschucke et al., 2015) and the palliative effect of physical 
activity immediately after stress (Starzec et al., 1983). 

For most of the individuals, the effect of physical activity on affect was direct, which 
means that it took place within the same six-hour measurement interval. Indeed, other 
daily diary studies have assessed the infl uence of physical activity on affective states 
at the group level over smaller intervals, and also found a positive infl uence of physi-
cal activity on affective states (Kanning et al., 2013). Moreover, effects of cortisol on 
brain areas involved in emotional reactivity on non-genomic or genomic actions, can 
be rather quick (from a few minutes up to a few hours) (De Kloet, Joëls, & Holsbo-
er, 2005). Hence, with smaller sampling intervals, we might have found mediation 
effects for other individuals as well.
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The fi nding of a mediatory pathway in only one participant may also be explained by 
different underlying mechanisms in different participants. In group studies, several 
potential physiological mechanisms have been studied and found to be associated 
with both physical activity and depressive symptoms, such as endorphins, glucocor-
ticoids, monoamines, and neurotrophins (aan het Rot, Collins, & Fitterling, 2009). It 
is assumed that these factors produce the mood-enhancing effect of physical activity 
in all individuals in a similar way. But another option is that particular factors play a 
larger role in some individuals than in others. While this option is diffi cult to study 
in nomothetic group studies, intensive time-series studies including many individuals 
may shed some light on this matter.  

The results must be interpreted in the light of several limitations. Firstly, cortisol may 
fl uctuate (increase as well as decrease) because of physical activity, depending on the 
timing and intensity of the activity (e.g. Hackney & Viru, 1999; Jacks et al., 2002), 
hence effects of physical activity on affect may vary as a result as well. As argued 
above, however, it is not very likely that individuals exercised very intensively within 
an hour before the measurements often. Second, we used a very general measure 
of physical activity. Other measures of physical activity may have yielded different 
results, because the social context, the pleasurableness of the activity, and its intensity 
may play a role. A fi nal limitation is that we had a very small sample size, because we 
only used individuals in which we previously found a positive infl uence of physical 
activity on affect. This small sample is suitable for testing a so-called “proof of princi-
ple”, but the results are not generalizable to the general population.

To conclude, we explored whether fl uctuations in cortisol may underlie the dynamic 
relationship between physical activity and affect in daily life. We found little evidence 
for this, since we found this relationship for only one participant out of nine. Exist-
ing evidence about acute effects of physical activity on cortisol and affect is scarce, 
emphasizing the need of studies like ours. Future studies may assess physical activity 
levels, cortisol and affective states over different, preferably smaller, time scales, and 
with multiple cortisol sampling after physical activity. Furthermore, they may address 
factors that potentially explain individual differences or alternative mediatory path-
ways. 
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While many experts have the opinion that the hypothalamic-pituitary-adrenal (HPA) 
axis plays an important role in the pathophysiology of depression, there is great un-
certainty about what that role exactly is (e.g. Herbert, 2013). This uncertainty is illus-
trated by the overall inconsistent literature regarding the relationship between indices 
of HPA axis functioning and depression across observational studies in humans (e.g. 
Burke, Davis, Otte, & Mohr, 2005; Stetler & Miller, 2011). In this thesis, I focused on
the temporal dynamics of HPA axis functioning, which is a rather unexplored topic
in depression research. To do so, I combined prospective group studies over several
years with intensive sampling strategies in individuals in daily life. In the fi rst part, I 
assessed whether long-term changes and daily life dynamics of the HPA axis account 
for some of the inconsistent fi ndings with regard to HPA axis (re)activity at the group 
level (Chapter 2 and 3). I also assessed the temporal dynamics of cortisol and affec-
tive states in depressed and non-depressed individuals in daily life (Chapter 4 and 5). 
In the second part, I took another route to examining the role of HPA axis functioning 
in depression. Research suggests that physical activity is a potent antidepressant, as 
well as an activator and modulator of the HPA axis. This led me to examine whether 
and how HPA axis functioning mediates the relationship between physical activity 
and depression (Chapter 6 – 8). In the current chapter, the fi ndings of the individual 
chapters are summarized and integrated and critical considerations, practical consid-
erations as well as future directions are discussed.

PART 1: THE TEMPORAL DYNAMICS OF HPA AXIS FUNCTIONING IN 
DEPRESSION

Summary and key fi ndings
Both increased and decreased reactivity has been found in depressed samples (e.g. 
Burke et al., 2005). Epidemiological as well as neurobiological evidence suggests that 
this may be due to differences in depression history. Therefore, in Chapter 2, I stud-
ied in a population sample of adolescents whether chronicity of depressive problems 
(20% with the highest levels of depressive symptoms) infl uenced the cortisol response 
to psychosocial stress. Data from cortisol samples collected during and after a stand-
ardized social stress task showed that, compared to adolescents without depressive 
problems, adolescents with acute depressive problems had an increased cortisol 
response to psychosocial stress, while adolescents with chronic depressive problems 
had a reduced cortisol response to psychosocial stress. This is the fi rst indirect sup-
port for the hypothesis that HPA axis reactivity to psychosocial stress changes with 
progression of depression.

Similar to results on HPA axis reactivity, results on HPA axis activity (measured 
under baseline conditions) have been found to be heterogeneous. While HPA axis 
reactivity is usually assessed under highly standardized conditions in laboratory 
settings, the study of HPA axis activity is usually not: measurements are often done 
by the participant at home. In daily life, cortisol levels fl uctuate heavily, because they 
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are infl uenced by many different time-varying factors, including circadian rhythm, 
ultradian rhythm, sleep time, time of waking up, and food intake (e.g. Gibson et al., 
1999; Kudielka, Hellhammer, & Wust, 2009; Lightman & Conway-Campbell, 2010). 
Hence, when assessing between-group differences in HPA axis activation, it is impor-
tant to measure and take into account this within-person variability in order to acquire 
reliable results (Hruschka, Kohrt, & Worthman, 2005). Nevertheless, there are almost 
no studies that do so (Peeters, Nicolson, & Berkhof, 2004; Stetler & Miller, 2011). 
In Chapter 3, I studied the relationship between cortisol levels and depression in 15 
depressed individuals and their 15 non-depressed matches, who collected saliva three 
times a day for thirty days (T=90). This number of measurements is large enough 
to account for within-individual variation. The results showed that, on average, the 
depressed group had higher cortisol levels than the non-depressed group. Howev-
er, when depressed individuals were compared to their non-depressed matches, the 
percentage of depressed individuals with higher levels than their match did not differ 
from chance (about 50%). Further, intra- and interindividual variation in cortisol was 
large. Hence, the group-level results did not generalize to individuals in this sample. 
To conclude, depression was a poor predictor of individual cortisol levels. 

A more general limitation of previous studies is that they were all performed at the 
group level, which means that the results cannot be generalized to the intra-individual 
level (i.e. the level at which mechanisms operate). Fluctuations in cortisol may serve 
as a crucial link between daily life experiences and the subsequent emotional respons-
es and the accompanying behaviours. By defi nition, such “mechanistic” processes 
should be studied within individuals over time. This can be done by applying an 
intensive time-series approach, with many repeated measurements within individ-
uals. In Chapter 4, the practical implications of using a time-series approach were 
discussed. In Chapter 5, I took this approach to study the temporal dynamics between 
cortisol and affective states in the daily life of depressed and non-depressed individ-
uals. The results showed that there are large individual differences in the temporal 
order and the sign of the relationship between cortisol and affective states. These indi-
vidual differences suggest that there are differential ways to deal with daily life stress.

HPA axis functioning as a marker for depression: a dead end?
The results described in Chapter 2 and 3 show that, to some extent, daily life fl uctu-
ations and long-term changes in HPA axis functioning underlie the inconsistencies 
in the literature regarding (dys)functioning of the HPA axis in depression. However, 
even when accounting for these factors, individual differences remained present, as 
was made explicit in Chapter 3. Relatively little variation in cortisol was explained by 
depression, making it diffi cult to discriminate depressed from non-depressed individ-
uals by means of their cortisol levels, despite of a matching procedure on gender, age, 
BMI and smoking, and excluding confounding factors such as pregnancy and alcohol 
abuse. Even in the high-end range of cortisol, there were both depressed and non-de-
pressed individuals with such values. Many other factors have also been related to 
HPA axis functioning, such as physical fi tness, oral contraceptives (Bouma, Riese, 
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Ormel, Verhulst, & Oldehinkel, 2009; Rimmele et al., 2007), but also depression char-
acteristics such as severity and type of depression (Lamers et al., 2012; Peeters et al., 
2004). Perhaps, when all these factors would be controlled for, depressed individuals 
could be discriminated from non-depressed individuals based on their cortisol pat-
terns. But clearly, depressed individuals cannot easily be identifi ed using one or a few 
cortisol samples. Use in clinical practice is therefore ruled out currently. 

Whether cortisol patterns can ever be used for diagnostic or prognostic purposes for 
depression in clinical practice also depends on technical and statistical advancements. 
Perhaps they can be useful in combination with other (bio)markers. The literature and 
expertise on the development of complex prediction models with multiple predic-
tor variables is growing, but up till now, such models have rarely made it to clinical 
practice (Moons, Altman, Vergouwe, & Royston, 2009). Furthermore, more advanced 
automatic subcutaneous sampling devices which can sample cortisol at 10-minute 
intervals for several days without effort of the patient may become available in the fu-
ture. This would make it more feasible to get a reliable estimate of someones average 
cortisol level or to assess cortisol dynamics. However, such a device may be costly at 
fi rst (Bhake, Leendertz, Linthorst, & Lightman, 2013). Taken together, research into 
the use of cortisol as marker for depression is reaching a dead end. Perhaps, statistical 
and technical advances may bring this area of research back on track.

HPA axis dynamics: from ‘inconvenient’ to ‘important’
The results of Chapter 2 and 3 add to the body of literature showing that the dynamics 
of the HPA axis are important to take into account when assessing group-level asso-
ciations between HPA axis functioning and depression (e.g. Hruschka et al., 2005). 
But beyond being an inconvenient confounder that should ideally be controlled for, 
Chapter 2 and 5 in particular suggest that HPA axis dynamics is an interesting topic in 
its own right. First of all, in Chapter 2, differential HPA axis reactivity to psychosocial 
stress with progression of depression was found, suggesting that depression and HPA 
axis functioning interact over time. Because of the semi-longitudinal design (i.e. mul-
tiple assessments of depressive symptoms, one assessment of HPA axis reactivity), it 
cannot be inferred from these fi ndings what is cause and what is consequence. But to-
gether with the observation that the chance to become depressed increases with every 
subsequent episode (Kendler, Thornton, & Gardner, 2001; Kendler, Thornton, & 
Gardner, 2000; Morris, Ciesla, & Garber, 2010; Post, 1992) and reduced hippocampal 
size with progression of depression (Lorenzetti et al. 2009), the fi ndings point in one 
direction. That is, depressive episodes and the accompanied stress can cause changes 
in the brain, such as hippocampal atrophy (Lorenzetti, Allen, Fornito, & Yücel, 2009). 
Consequently, this leads to reduced negative feedback of the HPA axis and hyporeac-
tivity of the HPA axis (Sapolsky, 2000). In turn, this may increase the risk to become 
depressed again. Furthermore, individual differences were found in the temporal 
relationship between cortisol and affective states, in the sign, the direction and timing 
of the effects (Chapter 5). Interestingly, some depressed individuals showed decreas-
es in positive as well as negative affect in response to cortisol, while an increase in 
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negative affect was expected. This result fi ts with the idea of a biphasic response to 
stress (Gilbert, 2001; Henriques, 2000; Selye, 1976). According to this idea, the fi rst 
response to a threat is to invigorate behavior. This can be done by increasing negative 
emotions (e.g. irritability, aggression, fear). However, if such a response does not 
work eventually (i.e. the threat does not dissipate), the second response is to immo-
bilize, to prevent a too far deviation from the preferred physiological state (allostatic 
overload) (Gilbert, 2001; Selye, 1976). Speculatively, some of the fi ndings in Chapter 
2 and 5 (i.e. hyporeactivity of the HPA axis in individuals with chronic depressive 
symptoms and decreased emotional responses to cortisol in some of the depressed 
individuals) may represent physiological/behavioural responses in a later stage of 
continued chronic stress. I will elaborate on this below, using recent insights into the 
HPA axis as a dynamic system.

Various experimental studies, supported by simulation studies, have shown that the 
HPA axis is a dynamical system, with circadian and ultradian rhythms that are im-
portant for maintaining homeostasis, stress responsiveness, and optimal metabolic 
and cognitive function (Lightman & Conway-Campbell, 2010; Spiga, Walker, Terry, 
& Lightman, 2014; Spiga & Lightman, 2015). Although the presence of ultradian 
rhythms of cortisol have been known for quite some time, their importance for health 
and disease has only become clear more recently (Lightman & Conway-Campbell, 
2010). In humans and rats (in which ultradian rhythms have been studied mostly), 
cortisol fl uctuates with approximately 1-hour rhythms, and tissues that are regulated 
by cortisol require oscillating concentrations of cortisol for optimal responses (Spiga 
et al., 2014). 

HPA axis dynamics have been modelled in two simulation studies and successfully 
tested against empirically derived experimental data (Markovic, Cupic, Vukojevic, 
& Kolar-Anic, 2011; Walker, Terry, & Lightman, 2010). Subsequently, the model has 
been used to predict what happens to HPA axis functioning under various levels of 
chronic stress, as indexed by (continuously) elevated levels of CRH. It predicted that 
this induces qualitative changes to HPA-axis dynamics, such as changes in amplitudes 
and frequencies of ultradian oscillations. Specifi cally, it was found that at moderate 
levels of chronic stress, the ultradian cortisol rhythm speeds up and HPA axis re-
sponsiveness increases, whereas at high levels of chronic stress, the ultradian rhythm 
slows down and HPA axis responsiveness decreases, up to a level that responsiveness 
is lost. A similar pattern was found for rats: rats that were infused with constant levels 
of corticosterone showed a suppressed ACTH response to stress, compared to rats 
infused with vehicle and pulsatile corticosterone (Sarabdjitsingh et al., 2010a; Sarab-
djitsingh et al., 2010b). Hence, the available evidence suggests that both increased 
and decreased HPA axis reactivity can occur under stressful circumstances, and that 
severe, chronic stress generally leads to decreased reactivity and loss of ultradian and 
circadian rhythmicity. 
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It is not known whether changes in HPA axis dynamics (by varying levels of chronic 
stress) are reversible or (partly) irreversible. As mentioned above, tissues require os-
cillating concentrations of cortisol for optimal functioning. Changes in the dynamics 
cause alterations in receptor localization, rates of chemical reactions and transporting 
processes in different brain regions, such as the hippocampus, amygdala and pre-
frontal cortex (De Kloet, Joëls, & Holsboer, 2005; Joëls & Baram, 2009; McEwen, 
2008). Some of these processes may result in long-lasting changes (e.g. hippocampal 
damage). Hence, the conditions for returning to the original physiological state have 
changed, such that a simple cessation of stress is not enough to return to the original 
dynamic equilibrium (Markovic et al., 2011). Because of that, even after stress has 
terminated a new (less dynamic) state may arise, with a less effi cient dynamic regula-
tory mechanism (Markovic et al., 2011). As a consequence, allostatic overload, i.e. the 
incapability of the HPA axis to cope with the “external pressure” (McEwen, 2000), 
may be reached more easily. 

Taking these results back to my own fi ndings, individuals with chronic depressive 
problems may have reached a state in which enduring chronic stress has not only 
temporarily reduced HPA axis reactivity, but has also changed HPA axis dynamics 
into a system that is less fl exible as a whole, and more often crosses the boundaries 
(also termed adaptive capacity, e.g. Koolhaas et al., 2011), causing wear and tear of 
the body (allostatic load) (McEwen, 2008). This makes them vulnerable for future 
stress-related diseases. Speculatively, such individuals may also ‘chose’ more often 
for an immobilization strategy in the face of stress, instead of becoming active, to 
prevent a too far deviation from the preferred physiological state, which may explain 
the decreased negative affective responses to cortisol in some of the depressed indi-
viduals.

To conclude, the fi ndings presented here, and those of others, suggest that HPA axis 
dynamics play an important role in the pathophysiology of depression. Future studies 
with larger samples, combining intensive sampling strategies with yearly follow-up 
assessments, may assess whether reduced cortisol responses to stress and decreased 
emotional responses to cortisol are the result of chronic stress, and whether this goes 
together with other characteristics of a ‘worn out’ HPA axis. Also, they may assess the 
long-term adaptive capacity of the HPA axis, i.e. the possibility that shifts in HPA axis 
dynamics due to chronic stress return to a more dynamic equilibrium, by the passage 
of time or by treatment. Lastly, it may be further examined whether losing dynamics, 
thereby reaching a state of allostatic overload, also marks the beginning of a disease 
state, such as depression.
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PART 2: HPA AXIS FUNCTIONING AS A MEDIATOR OF THE RELATION-
SHIP BETWEEN PHYSICAL ACTIVITY AND DEPRESSION

Summary and key fi ndings
Exercise training not only reduces HPA axis reactivity to physical, but also to psycho-
social stress. This fi nding has led researchers to pose the idea that HPA axis reactivity 
may play a role in the antidepressant effects of exercise (e.g. aan het Rot, Collins, & 
Fitterling, 2009). In the second part of this thesis, I examined whether physical activ-
ity, a potent activator and modulator of the HPA axis, exerted antidepressant effects, 
and whether these effects were mediated by HPA axis functioning. Specifi cally, in 
Chapter 6, I examined whether exercise habits predicted somatic and affective symp-
toms cross-sectionally and two years later, and whether this pathway was mediated by 
the cortisol response to a standardized social stress test (the same as used in Chapter 
2). Similar to a study of Stavrakakis et al. (2012), a relationship was found between 
exercise and affective but not somatic symptoms of depression. While exercise habits 
were negatively related to HPA axis reactivity to psychosocial stress, the latter was 
not related to affective symptoms. Because of the fi ndings in Chapter 2, I also repeat-
ed the analysis without the participants with chronic depressive problems, but this did 
not change the results. 

Cortisol may also play a more immediate role in the benefi cial effect of physical 
activity on depression, by infl uencing affective states in daily life. In Chapter 7, it was 
fi rstly addressed whether physical activity infl uenced positive and negative affective 
states in depressed and non-depressed individuals in daily life. This appeared to be so 
in a subset of individuals, of which some were depressed and some were not. Inter-
estingly, the direct effect of physical activity on positive affect was positive for nearly 
all individuals, while the direct effect on negative affect was more variable (i.e. both 
positive and negative effects). Furthermore, the lagged effects of physical activity 
on positive and negative affect were heterogeneous as well. Those individuals who 
signifi cantly benefi tted from physical activity in terms of their affect, were further 
examined in Chapter 8. Specifi cally, it was examined whether cortisol mediated the 
relationship between physical activity and affective states. Little support was found 
for this hypothesis, because a mediatory pathway was found in only one out of nine 
individuals.  

Can we exclude HPA axis functioning as a potential mediator of the relationship be-
tween physical activity and depression?
No support was found for HPA axis functioning as a mediator of the relationship be-
tween physical activity habits and depressive symptoms (Chapter 6). No other studies 
examined a mediatory pathway of the HPA axis between long-term exercise habits 
and depressive symptoms. However, one other study (also in adolescents) assessed 
the effect of an 8-week physical activity intervention on depressive symptoms and 
24-hour cortisol levels. They found an antidepressant effect of physical activity, and 
physical activity was also associated with reduced 24-hour cortisol levels (Nabkaso-
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rn et al., 2006). However, it is unclear whether reduced cortisol levels were a cause 
or consequence of depressive symptoms, or neither of these options. In the study of 
Chapter 8 also no support was found for a mediatory pathway through cortisol in the 
relationship between daily life physical activity and affective states. One other study 
in humans assessed cortisol as a mediator of the short-term relationship between 
physical activity and mood. In particular, these researchers examined (psychosocial) 
stress-induced cortisol and mood responses after physical activity (Zschucke, Ren-
neberg, Dimeo, Wüstenberg, & Ströhle, 2015). They did not fi nd a mediatory path-
way, however, they found another thing: physical activity increased positive affect 
acutely, and this in turn was related to a reduced cortisol response to subsequent 
psychosocial stress. To conclude, the results of the few available studies suggest that 
cortisol and affect can both be infl uenced by physical activity, but they do not support 
a mediating role of cortisol.  

In this thesis, it was hypothesized that chronic or acute physical activity would reduce 
HPA axis (re)activity, and that this in turn would reduce depressive symptoms. The 
complex dynamics of the HPA axis in health and disease as described in the previous 
section challenge this hypothesis. First of all, according to the previously described 
dynamic behavior of the HPA axis, reduced HPA axis reactivity may mean many 
things. It may indicate reduced perception of stress, by for example increased coping 
or increased perception of controllability, but it may also indicate reduced adaptive 
capacity. Hence, whether a lower stress response is benefi cial for health depends on 
the conditions under which it is lowered. Furthermore, the evidence for reduced HPA 
axis reactivity in physically fi t, compared to non-fi t individuals comes mainly from 
healthy, non-depressed individuals (Rimmele et al., 2009; Rimmele et al., 2007), 
presumably with high adaptive capacity (i.e. suffi cient HPA axis dynamics). It cannot 
be a priori assumed that physical activity has the same effect in depressed individuals. 
Hence, physical activity may still improve HPA axis functioning via other ways than 
reducing the stress response, and this may depend on the current state of HPA axis dy-
namics of the participant. Another option is, as described above, that physical activity 
immediately increases affective states via other mechanisms than the HPA axis, and 
that this reduces psychological stress and the accompanied physiological response. 
This in turn reduces allostasis and prevents allostatic overload, thereby positively 
impacting on other systems, such as the immune system. Future time-series studies 
may sample over shorter intervals, taking into account ultradian rhythmicity, to better 
understand the effect of physical activity on the HPA axis, as well as the infl uence of 
HPA axis functioning on affective states. Moreover, target systems of the HPA axis, 
such as the immune system could be assessed as well.   
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GENERAL

Methodological considerations and limitations
In Chapter 2 and 6, group designs were used to assess long-term relationships. Hence, 
some individual differences may have gone unnoticed. Moreover, the (semi)-lon-
gitudinal designs were not optimal for assessing changes over time. In Chapter 2, 
other evidence, such as kindling or sensitization (i.e. the chance to become depressed 
increases with every subsequent episode, Kendler et al., 2001; Kendler et al., 2000; 
Morris et al., 2010; Post, 1992) and reduced hippocampal size with progression of 
depression (Lorenzetti et al. 2009), also point towards changes in the HPA axis over 
time in depressed patients. Nevertheless, it is still possible that the differences in 
HPA axis reactivity constitute a depression-predisposing trait that is present from 
early childhood (e.g. Heim, Newport, Mletzko, Miller, & Nemeroff, 2008). Assessing 
whether HPA axis reactivity changes over time within individuals is a big challenge; 
individuals should be repeatedly assessed for stress reactivity. This can be done under 
standardized conditions or in daily life. In case of the fi rst option, a standardized 
stress task should be used repeatedly. However, repeated stress tasks have the prob-
lem that the task becomes more predictable to the participant with every repetition, 
and hence perceived stress decreases (Koolhaas et al., 2011). In the case of the second 
option, participants take part in several intensive time-series studies to assess their 
average (individual) stress-reactivity for every study period. This requires much per-
severance from the participants. Moreover, for every assessment period, many cortisol 
samples per person need to be analyzed (T>50), which requires a large budget. As 
also discussed in the section ‘Intensive time-series approaches in psychoneuroendo-
crinological research: Practical challenges and possible solutions’, future innovations 
may increase feasibility of the intensive time-series approach for psychoneuroendo-
crinological research.  

In Chapter 5, 7 and 8, I used a time-series design with 90 measurements per individ-
ual, which has the great strength that associations can be assessed within individuals 
over time. However, the studies had a small sample size, meaning that the fi ndings 
could not be generalized to the population at large. Only with many replications of 
single-subject studies, general laws can be uncovered (Lamiell, 1998). Related to this 
is the limitation that there were too few subjects to identify meaningful subgroups of 
individuals with similar associations. If the groups would have been larger, we could 
have assessed more thoroughly why individuals differed in their temporal relation-
ships.

A fi nal important limitation is the notion that the results of the time-series models 
were sometimes strongly infl uenced by outliers. Although we tried to accommodate 
this by using dummy variables for outliers in the VAR models, this suggests that in 
some cases, at least for cortisol, longer time-series would be necessary to get more 
reliable models. Currently, not much is known about the minimum number of meas-
urements required for performing time-series analysis on cortisol data. While simula-
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tions have been successful with >30 measurements (Lütkepohl, 2005), the reliability 
probably depends highly on the parameters under study, and the intervals over which 
these parameters are sampled. With the current sampling design (3 measurements a 
day), the ultradian rhythm was not adequately controlled for. This introduced addi-
tional noise. In sum, longer time series are advised if cortisol is sampled three times a 
day like in the MOOVD study.   

Advantages of the time-series approach in psychoneuroendocrinological research
In ecological momentary assessment studies, effects are usually assessed contempo-
raneously or over one specifi c time lag by means of mixed-model analysis. This may 
give the false impression that one variable infl uences the other in a certain way, while 
over longer time periods the net effect is negligible or even the opposite. A great 
advantage of the time-series approach is that it allows to assess in detail the temporal 
relationship over multiple lags at once and the net effect over a certain time period 
(Lütkepohl, 2005). If cortisol is sampled frequently enough, rapid as well as slow 
effects of natural fl uctuations in cortisol on other fl uctuating factors (e.g. emotions, 
behaviors), and vice versa, can be estimated precisely. This advantage is illustrated in 
the following hypothetical example. An ecological momentary assessment study with 
hourly measurements indicates that an increase in cortisol levels results in reduced 
negative affect one hour later in a male participant. Based on these results, he would 
be given the advice to engage in stressful activities to improve his mood. However, 
further examination of effects at higher lags suggests that over 2 - 3 hours an increase 
in cortisol leads to an increase in negative affect. To examine whether the net effect 
over time is positive, negative or negligible, impulse response function analysis is 
used. The results show that an impulse in cortisol induces a decrease after 1 hour, and 
an increase in negative affect after 2- 3 hours. In addition, negative affect increases 
further over the next couple of hours (because of positive autocorrelation in negative 
affect), resulting in a large and positive net effect after 6 hours. Hence, based on these 
results, the best advice to this man would be to avoid engaging in stressful activities, 
not engaging in them. Taken together, time-series analysis and the accompanied tools, 
seem ideal for further exploration of the dynamic interplay between natural fl uctua-
tions in cortisol and daily life emotions and behaviours.  

At the group level, relationships in daily life have been found to be predictive of 
future depressive episodes and treatment response (Wichers, 2014). These predictions 
may be improved, by using a bottom-up approach, fi rst estimating relationships at the 
individual level with time-series analyses, and thereafter fi nding common patterns for 
(sub)groups of individuals (Molenaar & Campbell, 2009). Furthermore, the dynamics 
of daily life relationships (including, but not confi ned to cortisol), as captured by the 
impulse response function analyses, have not been previously used to predict clinical 
outcome, and may be of value in this respect as well. 
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Intensive time-series approaches in psychoneuroendocrinological research: Practical 
challenges and possible solutions
In the MOOVD study, the collection of data for one participant involved preparation 
of the study materials, an introduction interview (about 2 hours), four visits to the 
participants’ homes to collect saliva samples (30 min – 4 hours), four visits to the lab 
(1 hour), a fi nal interview session (30 min), and making a short report about the par-
ticipants’ daily behaviors, thoughts and feelings, and their temporal relationships (2-3 
hours). Especially the weekly visits to the participant’s homes for saliva collection 
and the construction of feedback make it time consuming, compared to other types of 
studies. Future time-series studies may need larger samples of participants to search 
for meaningful subgroups of individuals. For these studies, it is would be useful to 
reduce the investment for researchers, without putting more work in the hands of the 
participants. Luckily, progress is being made in the areas of research and technology. 
For the electronic questionnaires, a PsyMate was used that needed programming for 
every participant, and the data were stored on a computer only after the participant 
completed the study. At this moment, mobile phones are being used in most studies 
to collect data (e.g. HowNutsAreTheDutch, Blaauw et al., 2014). In this way, partici-
pants can fi ll out electronic questionnaires easily, and the results are automatically 
(in real-time) collected and stored in an online database. In that same study, personal 
reports are automatically created by built-in web-based software. Although personal 
feedback is not a necessary feature for conducting idiographic research, it may be 
benefi cial for the motivation of the participant to (thoroughly) complete the study. For 
the long-term collection, storage and analysis of cortisol saliva samples, there are no 
time-saving solutions available yet. Nevertheless, progress is being made in this fi eld 
as well. For example, an automated sampling system has been developed, which can 
collect timed samples of microdialysis fl uid over 24 hours in individuals living their 
everyday lives (Bhake et al., 2013). Similar to salivary cortisol, subcutaneous tissue 
contains free unbound cortisol, which is not bound to carrier proteins and has access 
to tissues and their receptors. This means that it is suitable as a substitute for salivary 
cortisol measures. Possibly, in the near future similar systems will be manufactured 
that can last longer than 24 hours.   

Another challenge is the analysis of time-series data of a large number of individuals 
(i.e. larger than in the MOOVD study). Where a nomothetic study requires one or a 
few analyses to be conducted in a sample of participants, idiographic studies requires 
at least one analysis to be conducted for every participant. For example for Chapter 
5, I conducted 60 different analyses, which is still feasible. However, if there would 
have been 100 participants instead of 30, which is required to differentiate between 
subgroups of individuals, I would have had to run 200 individual analyses. This 
would already be much less feasible. Fortunately, also in this respect progress has 
been made. For example, a special analysis package called GIMME has been written 
to fi nd meaningful subgroups of individuals with common dynamic models (Mole-
naar, 2013). A drawback of this package is that it uses information about the direction 
of the relationship to establish the dynamic models, but not about the sign of the 
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relationships under study. Hence, individuals with similar dynamic models may have 
opposing effects of one variable on the other. While in some research areas signs of 
relationships may not be that relevant, in psychology and psychiatry they often are. 
Thus, only for answering particular research questions about directionality of effects 
this package may be useful. Another advancement in the fi eld of time-series analy-
sis is the development of AutoVar, web-based software that automates the steps that 
would otherwise be performed manually during vector autoregression (VAR) anal-
ysis (Emerencia et al., 2014). This application underlies the automated personalized 
feedback that is generated in the HowNutsAreTheDutch study. Although AutoVar 
provides the basis to run VAR analysis, as of to date, some more advanced options are 
still missing with regard to analysis (e.g. log transformation for one or a few variables 
in the system, fi nding common pathways in groups of individuals) and results (e.g. 
providing results of impulse response function analysis). Possibly, in the near future 
these and many more functionalities will be incorporated, so that AutoVar can also be 
used for other purposes than automated feedback.    

A problem that pertains to both manual and automated time-series analysis is the 
lack of variation in some of the variables under study. Time-series analysis requires 
variation in the measures under study. However, for some individuals the variables of 
interest barely fl uctuate. For example, in Chapter 5 some non-depressed individuals 
lacked variation in negative affect. Therefore, no statements could be made regard-
ing the infl uence of negative affect on cortisol for these individuals. In our study, the 
lack of variation in negative affect was easily detected, because this was accompanied 
by a high skewness; non-depressed individuals tended to score consistently low on 
negative affect, and this could not be resolved with a log transformation. Hence, these 
individuals were excluded from the analysis. However, a variable can also be rather 
normally distributed and still have little variation. In the AutoVar program previously 
described, these variables are now identifi ed by using the mean square of successive 
differences (MSSD), which is a measure that combines autocorrelation and variability 
in one score. Identifying non-fl uctuating variables is important to prevent conduct-
ing analyses with potentially misleading results. Most ideally, however, one would 
want to prevent all together that an analysis cannot be performed. Therefore, when 
designing a diary study, it is important to include variables in the diary that 1) are of 
relevance to the research question; and 2) are expected to fl uctuate in all individuals 
of the examined study (sub)samples.
 
A fi nal and important challenge is the fi nancial part of assaying large numbers of 
saliva samples for cortisol or other biomarkers. For the MOOVD study, almost all 
of the available budget was spent on assaying cortisol, α-amylase and melatonin. 
While there were 54 participants that completed the study, due to fi nancial constraints 
only for 30 of them assays could be conducted (which equals 2700 samples). This 
is a problem that is not easily tackled. One thing that can help to reduce the price is 
to collaborate with researchers from the laboratory department, which also brings 
some expertise on (clinical) chemistry in the team. In any case, a good advice is to 
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be informed early during the setup phase of the study on pricing, so that funds can be 
collected early in the process.  

Clinical relevance
The results of this thesis suggest that depression research and treatment could ben-
efi t from a more individualized (tailor-made) approach. For example, in Chapter 5, 
different processes were at play in different individuals; cortisol increased negative 
affect in some individuals, but not in others. Hence, a particular physiological process 
may induce depressive symptoms in only a subset of individuals, and this may depend 
on the individual’s genetic makeup and past experiences. In addition, there may be 
multiple physiological processes that (potentially) induce depressive symptoms. This 
possibility, of personalized etiological pathways to depression cannot be explored in 
group studies, because effects are aggregated. Intra-individual analyses may provide 
further insight into personalized etiological pathways to depression. 

In Chapter 8, some individuals benefi tted from physical activity in terms of their 
affect, while others did not. Possibly, physical-activity based interventions can also 
benefi t from a more personalized approach. Although this idea is appealing, the ap-
plication of tailor-made interventions in clinical practice needs additional work. In 
the case of physical activity, future intensive time-series studies in larger groups of 
individuals could identify subgroups that benefi t most from physical activity. It can be 
subsequently addressed what it is that determines why these individuals benefi t and 
others do not. In addition, time-series approaches could be implemented in clinical 
care (e.g. while on a waiting list), using automated time-series analyses and personal-
ized feedback, which are already available for research purposes (Emerencia et al., 
2014). This feedback can aid clinicians in the decision whether to implement physical 
activity interventions for depressed mood or not.

Conclusions
In the previous Chapters, it became clear that HPA axis dynamics constitutes more 
than inconvenient temporal variance that should be dealt with when examining the 
role of HPA axis functioning in depression. The dynamic behaviour of the HPA axis 
itself, and particularly the loss of dynamics, may play a key role in the development 
and progression of stress-related disorders, such as depression. This idea needs further 
examination, so there are many new opportunities for research in this area. New types 
of study designs with high frequency sampling within individuals may fi t this line of 
research better than traditional nomothetic designs with a few observations, because 
they have the tools to examine various aspects of these dynamics. However, ulti-
mately, many repeated measurements on many individuals should be combined. Hav-
ing the best of both worlds (i.e. the inter- and intra-individual approach), HPA axis 
dynamics can be compared within individuals over time as well as across individuals, 
and thereafter linked to depression onset, progression and remission.
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INLEIDING DEEL 1: DE DYNAMIEK VAN DE HHB-AS BIJ DEPRESSIE

Depressie: een stressgerelateerde ziekte
Depressie is een ernstige ziekte met een vaak chronisch beloop. Een depressie wordt 
gekenmerkt door een sombere stemming, verlies van plezier, of beide. Andere vaak 
voorkomende symptomen zijn verlies van energie, verminderde concentratie, weinig 
of juist veel eetlust (met gewichtstoename of afname), slaapproblemen, lichamelijke 
onrust of juist traagheid, schuldgevoelens en gedachten aan de dood. Ongeveer 20% 
van alle mensen krijgt ooit te maken met een depressie. 

Depressie is een stressgerelateerde ziekte; het begint vaak (kort of lang) na een grote 
stressvolle gebeurtenis. Onderzoek naar de biologische processen die een rol spe-
len bij het ontstaan en het beloop van depressie richt zich dan ook met name op het 
menselijk stresssysteem. De lichamelijke reactie op stress vindt onder andere plaats 
via de Hypothalamus-Hypofyse-Bijnier-as (HHB-as). Dit systeem zorgt voor de 
afgifte van hormonen op het moment dat iemand een stressor ervaart en zich daaraan 
(mogelijk) moet aanpassen. 

Een klassiek voorbeeld van een stressor is een tijger die plotseling opduikt. Het 
lichaam zorgt er op dat moment voor dat alles op alles wordt gezet om te kunnen 
vechten of vluchten. Een hedendaags voorbeeld is het moeten rennen voor de trein 
wanneer deze onverwacht vanaf een ander perron vertrekt. Stress hoeft niet plotseling 
te ontstaan; ook het niet kunnen voorspellen van het verloop van een toekomstige 
situatie kan stress opleveren (anticipatiestress). Denk bijvoorbeeld aan het gespannen 
gevoel dat vooraf gaat aan het geven van een presentatie. Dit gevoel ontstaat onder 
andere door de onzekerheid over hoe het publiek de presentatie ontvangt. 

Een van de belangrijkste hormonen die op zo’n moment worden afgescheiden door de 
HHB-as is cortisol. Dit hormoon zorgt er onder meer voor dat energie wordt vrijge-
maakt in het lichaam en dat processen die onnodig zijn in een noodsituatie, zoals sek-
suele activiteit of spijsvertering, worden onderdrukt. Tegelijkertijd stopt het zijn eigen 
afgifte weer doordat het de activiteit van de HHB-as remt. Hierdoor fluctueert cortisol 
altijd rondom een bepaalde gemiddelde waarde.

Wat weten we tot dusver over de rol van de HHB-as bij depressie?
Het functioneren van de HHB-as is vaak onderzocht in de context van depressie. 
Veel experts in het onderzoeksveld hebben gesteld dat de HHB-as een belangrijke 
rol speelt in het ontstaan en beloop van depressie. De eerste studies in de jaren ‘60 
bij mensen waren inderdaad veelbelovend en lieten zien dat mensen met een de-
pressie een over-reactieve HHB-as (zich uitend in een verhoogde cortisolreactie op 
een stressor) en verhoogde dagelijkse cortisolwaarden hebben. Echter, recente me-
ta-analyses1  laten een ander beeld zien. Er is gevonden dat dagelijkse cortisolwaarden 

1 Studies waarin alle onderzoeksresultaten uit de afgelopen jaren worden samengevoegd om 
tot een nauwkeurige uitkomst te komen.
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gemiddeld genomen over alle studies weliswaar hoger zijn, maar dat de HHB-as juist 
minder reactief is bij mensen met een depressie dan bij mensen zonder. Bovendien 
bleek er veel variatie te zijn tussen studies; sommige studies vonden zelfs tegenoverg-
estelde resultaten. Een belangrijke vraag die daaruit voortrolt is: speelt de HHB-as 
dan wel zo’n belangrijke rol bij depressie? Om een antwoord te vinden op deze vraag 
moet eerst een aantal zaken worden uitgediept. 

Een daarvan is de dynamiek van de HHB-as (veranderingen in het functioneren 
van de HHB-as en de afgegeven cortisolwaarden) bij depressie. Daar is nog weinig 
onderzoek naar gedaan. Dynamiek van de HHB-as zou de tegenstrijdige bevinding-
en mogelijk kunnen verklaren en zou ook nieuwe inzichten kunnen leveren. Hoe en 
waarom, dat leg ik hieronder uit.

Veranderingen in de HHB-as als verklaring voor de tegenstrijdige bevindingen?
Nog even terug naar de cortisol-stressreactie uit de meta-analyse: niet alleen bleek dat 
deze verlaagd is bij mensen met een depressie, maar ook dat deze met name verlaagd 
was bij oudere mensen of mensen die een ernstige depressie doormaken. Dit zijn vaak 
mensen met een langere voorgeschiedenis van depressies. 

Daarnaast is uit neurobiologisch onderzoek gebleken dat bepaalde hersenstructuren 
die een remmende invloed hebben op de HHB-as kleiner worden naarmate een de-
pressie langer voortduurt. Zij verliezen daardoor mogelijk hun remmende invloed. Dit 
zou kunnen leiden tot verhoogde cortisolwaarden en een verminderde cortisolreactie. 
Tot slot is uit epidemiologische studies gebleken dat de kans op het ontwikkelen van 
een depressieve episode groter wordt naarmate iemand meer episodes heeft meege-
maakt. Ook blijkt dat deze episoden steeds minder vaak ontstaan door grote stressvol-
le gebeurtenissen, waarschijnlijk omdat vaker voorkomende kleinere stressoren ook 
al voldoende zijn. Al deze bevindingen bij elkaar doen vermoeden dat: 1) de reactie 
van de HHB-as op stress kan veranderen naarmate iemand vaker of langer depressief 
is geweest en 2) de cortisolreactie dus verschilt tussen mensen met een kortere of 
langere geschiedenis van depressie. In hoofdstuk 2 van dit proefschrift onderzoek ik 
deze stellingen. 

Waar langzame veranderingen in de HHB-as een mogelijke verklaring kunnen bieden 
voor de tegenstrijdige bevindingen van de cortisolreactie, kunnen dagelijkse fluc-
tuaties in cortisol dat misschien voor de tegenstrijdige bevindingen van dagelijkse 
cortisolwaarden. Cortisol is een sterk fluctuerend hormoon dat wordt beïnvloed door 
allerlei factoren uit het dagelijks leven (bijv. tijdstip van de dag, beweging, stress of 
voeding). Meestal is deze invloed kortdurend, maar  soms langerdurend. Het rennen 
van een marathon kan bijvoorbeeld nog invloed hebben op de cortisolwaarden van de 
dag erna. Deze factoren zijn niet altijd te controleren. Dit betekent dat de waarde van 
één cortisolmeting sterk afhankelijk is van het moment waarop de cortisolwaarden 
worden gemeten en onder welke omstandigheden. 
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Desalniettemin hebben de meeste studies naar dagelijkse cortisolwaarden tot nu toe 
maar één of enkele cortisolmeting(en) per persoon gedaan. De resultaten zijn daar-
om misschien niet altijd een goede weergave van de gemiddelde dagelijkse corti-
solwaarden. Is dit een reden voor de tegenstrijdige bevindingen of verschillen de-
pressieve mensen nou eenmaal veel van elkaar? Dit kan het beste worden onderzocht 
via een onderzoek waarbij mensen op meerdere tijdsmomenten worden bemeten. 
Hierdoor kan er een betrouwbaar gemiddelde worden berekend van dagelijkse corti-
solwaarden. In hoofdstuk 3 van dit proefschrift voer ik deze studie uit.

Veranderingen in de HHB-as: Nieuwe inzichten met behulp van nieuwe methoden?
Een onderzoek waarbij de cortisolwaarden op meerdere tijdsmomenten worden 
gemeten (oftewel longitudinaal onderzoek) kan ook op een andere manier nuttig zijn. 
Vrijwel alle studies in de meta-analyse zijn cross-sectioneel van aard. Oftewel: ze 
onderzoeken hoe de ene variabele zich verhoudt tot de andere variabele op hetzelfde 
moment. Er is bijvoorbeeld gevonden dat depressie samenhangt met hogere cortisol-
waarden. Maar dit betekent niet vanzelfsprekend dat meer cortisol tot meer depressie 
leidt, of andersom. Om te onderzoeken of dit soort verbanden wel of niet oorzakelijk 
van aard zijn, zijn longitudinale studies nodig, met meer metingen per persoon. Voor 
de vraag of de HHB-as een rol speelt in het ontstaan en beloop van depressie zijn dit 
soort studies dus zeer welkom.

Recent onderzoek suggereert dat depressie het resultaat is van een continue wisselw-
erking tussen dagelijkse ervaringen en gedragingen. Cortisol heeft invloed op allerlei 
hersengebieden die betrokken zijn bij het verwerken en uiten van emoties. Cortisol 
zou daarom wel eens een cruciale schakel kunnen vormen tussen dagelijkse ervarin-
gen en de daaropvolgende emoties. 

Eén studie heeft onderzocht hoe cortisol samenhangt met dagelijkse emoties in de 
context van depressie. Deze vond dat hogere cortisolwaarden samengaan met meer 
negatieve emoties in gezonde mensen. Maar deze relatie gaat niet op voor depressieve 
mensen. Mogelijk is er in depressieve mensen iets veranderd in hoe cortisol emoties 
beïnvloedt, of andersom. Deze studie kon echter niets zeggen over de richting van de 
relatie; of veranderingen in cortisol leiden tot veranderingen in emoties, of andersom. 
Bovendien was het onderzoek op groepsniveau gedaan. Hierbij worden alleen de 
gemiddelde waarden van de groep als geheel vermeld. Dat bemoeilijkt de interpretatie 
van de resultaten. Bijvoorbeeld, als op groepsniveau niet wordt gevonden dat meer 
cortisol tot meer negatieve emoties leidt, dan kan dit verschillende redenen hebben: 
of er bestaat inderdaad voor niemand zo’n verband, óf verandering in cortisolwaarde 
leidt bij de één tot meer negatieve emoties en bij de ander juist tot minder. 

Samengevat is het nog niet duidelijk of cortisol emoties beïnvloedt of andersom en of 
dit bij iedereen op dezelfde manier gebeurt. Het onderzoeken van de dynamiek tussen 
cortisol en emoties in het dagelijks leven kan het inzicht in de rol van de HHB-as in 
depressie dus vergroten. Met de komst van nieuwe technieken in het onderzoeksveld 



Samenvatting

207

van de psychiatrie is dit nu ook mogelijk geworden. In hoofdstuk 4 wordt deze 
techniek en de praktische implicaties van het gebruik ervan voor het opzetten van een 
studie toegelicht. In hoofdstuk 5 onderzoek ik de dynamische relatie tussen cortisol en 
emoties in het dagelijks leven.

INLEIDING DEEL 2: IS HET POSITIEVE EFFECT VAN BEWEGING OP 
DEPRESSIEVE KLACHTEN TE VERKLAREN DOOR VERANDERINGEN 
IN DE HHB-AS?

In het tweede deel van dit proefschrift onderzoek ik de rol van de HHB-as bij het 
ontstaan van depressie op een andere manier. Beweging lijkt een overwegend gunstig 
effect te hebben op depressieve klachten. Interessant genoeg heeft beweging op ver-
schillende manieren invloed op de activiteit van de HHB-as. Acute beweging, zoals 
een flink stuk hardlopen, activeert het stresssysteem en zorgt voor een cortisolreactie. 
Maar herhaaldelijk sporten (training) lijkt de algehele cortisolreactie te dempen, niet 
alleen de reactie op beweging, maar ook die op psychische stress. 

Daarnaast heeft dieronderzoek laten zien dat bewegen ook direct kan helpen om 
met stress om te gaan; bij ratten die stress ondergingen hielp beweging om de corti-
solreactie op de stressor te verlagen. Mogelijk verloopt het effect van beweging op 
depressieve klachten via veranderingen in de HHB-as. In het tweede deel van dit 
proefschrift onderzoek ik of de HHB-as een rol speelt bij het gunstige effect van rege-
lmatig sporten op depressieve klachten (hoofdstuk 6) en bij de invloed van dagelijkse 
beweging2 op de stemming (hoofdstuk 7 en 8). 

METHODOLOGIE; BIJ WIE EN HOE IS DIT ONDERZOEK 
UITGEVOERD?

TRAILS
De onderzoeksvragen over verbanden tussen reactiviteit van de HHB-as, sportpatro-
nen en depressieve klachten (hoofdstuk 2 en 6) zijn beantwoord met behulp van ge-
gevens uit het onderzoek TRacking Adolescents’ Individual Lives Survey (TRAILS). 
TRAILS is een langlopend onderzoek naar de geestelijke, lichamelijke en sociale 
ontwikkeling vanaf de vroege adolescentie (+/- 11 jaar) tot in de jongvolwassenheid 
(21 jaar en ouder) bij ongeveer 2500 jongeren in Noord-Nederland. Elke twee tot drie 
jaar zijn er gegevens verzameld. In 2014 is de vijfde meting afgerond. 

In dit proefschrift zijn gegevens van de eerste drie metingen gebruikt. De jongeren 
waren toen ongeveer 11, 13,5 en 16 jaar oud. Ik heb gebruik gemaakt van gegevens 

2 Onder dagelijkse beweging valt alle fysieke activiteit. Het maakt hierbij niet uit of dit bewe-
ging is vanwege een sportieve activiteit of vanwege andere activiteiten, zoals huishoudelijke 
taken.



Dynamics of the human stress system in depression

208

van een subgroep van 715 jongeren die op hun zestiende (3e meting) hebben deelge-
nomen aan een psychosociale stresstaak. Deze taak bestond uit het geven van een 
presentatie die werd opgenomen op video, en uit moeilijke rekensommen die snel en 
hardop moesten worden uitgerekend. De adolescenten kregen daarbij te horen dat hun 
video achteraf zou worden beoordeeld door andere adolescenten. Op fouten bij de 
rekentaak werd bovendien afkeurend gereageerd door de taakleider. Tijdens deze taak 
zijn veranderingen in hartslag gemeten. Ook is voor, tijdens en na de taak het stress-
hormoon cortisol in het speeksel gemeten. De jongeren hebben ook vragenlijsten in-
gevuld, onder andere over door hen beoefende sporten (welke, hoe vaak en hoe lang) 
en over psychische klachten (zoals depressieve symptomen).

MOOVD
De onderzoeksvragen over dagelijkse fluctuaties in cortisol en verbanden tussen 
fluctuaties in cortisol, beweging en stemming (hoofdstuk 3, 5, 7 en 8) zijn beantwoord 
met gegevens van het Mood and Movement in Daily life (MOOVD) onderzoek. Dit 
onderzoek heb ik samen met collega’s specifiek opgezet om deze vragen te beant-
woorden. De 62 deelnemers (20 – 50 jaar oud) vulden dertig dagen lang, drie keer 
per dag, een elektronisch vragenlijstje in over hun stemming en gedrag. Tijdens het 
invullen verzamelden zij speeksel met behulp van een wattenstaafje. Ook werden hun 
beweegpatronen continu gemeten met behulp van actimeters. Elke deelnemer had 
aan het eind van zijn of haar onderzoek in principe 90 metingen afgerond. Dit aantal 
metingen is voldoende om tijdreeksanalyses uit te voeren. Deze kunnen iets zeggen 
over verbanden binnen personen (voor elk individu apart), in plaats van op groepsniv-
eau. 

We konden de gegevens van 54 deelnemers gebruiken. De andere zes deelnemers 
hadden te weinig bruikbare gegevens verzameld door technische problemen, vroegti-
jdig stoppen of het niet volgen van het protocol. Van een subgroep van 30 deelnemers 
hebben we de cortisolwaarden bepaald; zij vormen de uiteindelijke studiegroep voor 
dit proefschrift. Van de 30 deelnemers hadden 15 de diagnose depressie en 15 geen 
last van depressieve klachten. De twee groepen leken op elkaar qua geslacht, leeftijd, 
rookgedrag en BMI.  

UITKOMSTEN VAN DE STUDIES

Deel 1 De dynamiek van de HHB-as in depressie
Hoofdstuk 2 gaat in op de vraag of geschiedenis van depressie kan verklaren waarom 
sommige mensen met depressie een verhoogde cortisolreactie op stress hebben, ter-
wijl anderen juist een verlaagde cortisolreactie hebben. In vergelijking met jongeren 
zonder depressieve klachten, vertoonden: 1) jongeren met acute depressieve klacht-
en een verhoogde cortisolreactie en 2) jongeren met chronische klachten juist een 
verlaagde cortisolreactie. Mogelijk leidt stress in eerste instantie tot een verhoogde 
cortisolreactie, maar als dit lang aanhoudt tot een uitgeblust systeem dat niet meer kan 
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reageren op de omgeving. Vergelijk het met een elastiek waar de rek uit is als gevolg 
van intensief gebruik. Dit idee wordt ook bevestigd door andere (dier)studies naar 
chronische stress. 

Hoofdstuk 3 gaat in op de vraag of dagelijkse cortisolwaarden verhoogd zijn bij 
mensen met een depressie. Er wordt specifieke aandacht gegeven aan de vraag of dit 
alleen voor de groep als geheel geldt of ook voor alle individuen in de groep. Om er 
zeker van te zijn dat dagelijkse fluctuaties in cortisol de resultaten niet zouden ver-
storen, werden veel cortisolmetingen per persoon genomen (90 metingen per persoon 
in dertig dagen). Daarnaast werd er rekening gehouden met aspecten van iemands 
leefstijl die invloed kunnen hebben op de cortisolwaarden. De depressieve groep had, 
zoals verwacht, verhoogde cortisolwaarden ten opzichte van de groep mensen zonder 
depressie. Dit kwam echter voornamelijk doordat enkele depressieve deelnemers sterk 
verhoogde cortisolwaarden hadden. Deze hadden een sterke invloed op het groeps-
gemiddelde. Een groot deel van de depressieve deelnemers had geen verhoogde 
cortisolwaarden in vergelijking met de aan hem of haar gekoppelde controlepersoon. 
De bevinding van verhoogde dagelijkse cortisolwaarden gaat dus lang niet altijd op 
voor alle mensen met een depressie. Daarnaast fluctueerden de cortisolwaarden sterk 
over de tijd voor de meeste deelnemers. Cortisolmetingen lijken dus weinig nuttig 
als biomarker3  voor depressie. Ook zijn ze praktisch lastig te implementeren omdat 
er veel metingen per persoon nodig zijn om een betrouwbare schatting te krijgen van 
iemands dagelijkse cortisolwaarden.

In hoofdstuk 4 worden door collega’s en mij praktische handvatten gegeven aan an-
dere wetenschappers voor het uitvoeren van tijdreeksstudies met biologische markers 
voor stress, zoals cortisol. In hoofdstuk 5 gebruik ik tijdreeksanalyses om de relatie 
tussen cortisol en emoties in het dagelijks leven van individuen te bestuderen. In het 
algemeen gold dat er veel individuele verschillen waren; bij sommige mensen leidden 
veranderingen in cortisol tot veranderingen in emoties, maar bij anderen juist ander-
som. Daarnaast gingen hogere cortisolwaarden (dan gemiddeld) bij sommige mensen 
samen met een slechtere stemming, maar bij anderen juist met een betere stemming. 
We vonden wel een aantal specifieke patronen voor mensen met en zonder een de-
pressie. Voor de meeste niet-depressieve mensen bij wie cortisol invloed op emoties 
had, gold: een verhoging in cortisol leidde tot meer negatieve en minder positieve 
emoties. Voor de meeste depressieve mensen daarentegen gold: een verhoging in 
cortisol leidde tot een verlaging van zowel positieve als negatieve emoties. Mogeli-
jk is dit een beschermingsmechanisme om al te ver stijgen van negatieve emoties te 
voorkomen, maar dit moet verder uitgezocht worden in een grotere steekproef. In elk 
geval maken de resultaten duidelijk dat de biologische reactie op stress per individu 
zeer kan verschillen.

3 Een meetbare indicator van een bepaalde toestand of conditie. Bijvoorbeeld, de aanwezig-
heid van antilichamen in het bloed duidt op de aanwezigheid van een infectie.
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Deel 2 Is het positieve effect van beweging op depressieve klachten te verklaren door 
veranderingen in de HHB-as?
Hoofdstuk 6 beschrijft de studie in TRAILS naar de effecten van regelmatig sporten 
op lichamelijke (bijv. weinig energie) en emotionele (bijv. sombere stemming) de-
pressieve symptomen twee jaar later. Daarnaast wordt gekeken of een eventuele gun-
stige invloed van regelmatig sporten op depressieve klachten samengaat met een la-
gere hartslagreactie en cortisolreactie op een stresstaak en minder ontstekingswaarden 
in het bloed. Regelmatig sporten bleek vooral emotionele depressieve symptomen te 
verminderen. Deze vermindering ging samen met een verlaagde hartslagreactie op 
stress. Er werden geen verlaagde cortisolreactie en lagere ontstekingswaarden in het 
bloed gevonden. Veranderingen in de hartslagreactie op stress of in het autonome 
zenuwstelsel dat die reactie aanstuurt, liggen mogelijk ten grondslag aan het gunstige 
effect van sporten op emotionele symptomen van depressie.  
   
In hoofdstuk 7 wordt beschreven of en hoe dagelijkse beweging emoties beïnvloedt 
bij mensen met en zonder depressie. Doordat de relatie werd onderzocht in ieder 
individu afzonderlijk werden individuele verschillen ook blootgelegd. Bij bijna alle 
mensen, of ze nu depressief waren of niet, leidde beweging direct tot meer positieve 
emoties. Bij sommige mensen was het effect wel groter dan bij anderen. Verder werd 
duidelijk dat de directe invloed van beweging op negatieve emoties per persoon 
verschilt; sommigen ontwikkelden minder negatieve emoties na beweging, anderen 
juist meer. Hetzelfde gold voor het vertraagde effect (tot één dag later) van beweging 
op positieve en negatieve emoties. Sommige mensen kunnen dus nog lang nagenieten 
van beweging, maar bij anderen is dit effect van korte duur.

In hoofdstuk 8 worden negen mensen bij wie beweging een significante positieve 
invloed had op emoties, zoals aangetoond in hoofdstuk 7, verder onderzocht. Er wordt 
bekeken of veranderingen in cortisol de gunstige invloed van beweging op emoties 
verklaren. Dit was, op één persoon na, bij niemand zo. De resultaten uit hoofdstuk 6 
tot en met 8 bevestigen het idee dat de HHB-as een rol speelt in het gunstige effect 
van beweging op depressieve klachten dus niet.  

CONCLUSIES EN AANBEVELINGEN

In hoofdstuk 9 worden de resultaten samengevat, conclusies getrokken uit de ver-
schillende hoofdstukken en aanbevelingen gedaan. De belangrijkste bevindingen op 
een rij zijn: 1) De cortisol-stressreactie lijkt te veranderen naarmate iemand een lan-
gere geschiedenis van depressieve klachten heeft, 2) Cortisolmetingen lijken weinig 
nuttig als biomarker voor depressie en zijn praktisch moeilijk te implementeren in de 
klinische praktijk, 3) De biologische en emotionele reactie op stress kan zeer verschil-
len tussen mensen, 4) Regelmatig sporten heeft een gunstige invloed op emotionele 
depressieve klachten. Veranderingen in de hartslagreactie, maar niet de cortisolreactie 
op stress, liggen hier mogelijk aan ten grondslag, 5) Dagelijkse beweging verhoogt 
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vrijwel meteen en bij iedereen positieve emoties. Directe effecten van beweging op 
negatieve emoties en vertraagde effecten van beweging op positieve en negatieve 
emoties zijn niet voor iedereen hetzelfde, en 6) Cortisolveranderingen kunnen de 
gunstige invloed van dagelijkse beweging op emoties niet verklaren. 
    
Desalniettemin wordt het duidelijk dat de dynamiek van de HHB-as meer is dan hin-
derlijke variatie waarvoor gecontroleerd moet worden. De dynamiek van de HHB-as, 
en vooral het verlies ervan, lijkt een rol te spelen in de ontwikkeling en het beloop 
van stressgerelateerde stoornissen zoals depressie. Dit idee staat nog in de kinder-
schoenen en verdient verder onderzoek. 

Nieuwe onderzoekmethodes met veel herhaalde metingen per persoon bieden nieu-
we handvatten om verschillende aspecten van die dynamiek onder de loep te nemen. 
Uiteindelijk moeten deze studies weer gecombineerd worden met groepsstudies. Op 
die manier kan de dynamiek van de HHB-as worden bekeken per individu en vergel-
eken tussen personen. Zo ontstaat een scherper beeld van het ontstaan en beloop van 
depressie.
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Dit proefschrift is tot stand gekomen met de hulp van heel veel andere mensen. Op 
deze plek wil ik hen graag bedanken.  

Allereerst wil ik de mensen bedanken die hebben meegedaan als deelnemer aan de 
MOOVD studie en het TRAILS onderzoek. Dankzij jullie inzet zijn we meer te weten 
te komen over de rol van het menselijk stresssysteem in depressie en over de invloed 
van beweging op stemming en depressieve klachten. 

Mijn grote dank gaat uit naar mijn begeleiders: Tineke, Peter en Elske. Tineke, ik 
heb bewondering voor je precisie en scherpte. Ik moest meestal even bijkomen van 
de rode markeringen en opmerkingen, maar ze sloegen altijd de spijker op zijn kop. 
Ik heb het getroffen met jou als voorbeeld. Ik ben ook nog steeds enorm blij dat je 
me hebt geholpen met het aanvragen van een BCN beurs, waar dit PhD project uit 
voortkwam. Peter, waar ik in details verzand, houd jij zicht op het grote geheel. Je 
bent ruimdenkend en blijft niet binnen bepaalde kaders. Ik vond het heel fijn om zo’n 
creatieve geest in het team te hebben. Elske, als ik ooit zou weten wat jij allemaal 
zou weten en het ook nog eens zo goed uit zou kunnen leggen, dan zou ik een wijze 
vrouw zijn. Ik hoop in de toekomst nog veel van je te kunnen leren. Ook wil ik je 
bedanken voor het inspringen bij de begeleiding van MOOVD deelnemers, voor het 
opgooien van mijn naam bij het Centrum Integrale Psychiatrie en voor de slaaptips na 
mijn bevalling.  

Het MOOVD onderzoek was echt een team effort. Ik ben alle mensen die mee hebben 
gewerkt aan dit project dankbaar. Mara, ik ben blij dat jij al snel aanhaakte. Doordat 
je het onderzoek zo natuurlijk overnam kon ik rustig gaan genieten van mijn zwanger-
schaps- en bevallingsverlof. Ook daarna heb ik onze samenwerking erg gewaardeerd. 
Martijn, ik ben blij dat je hebt meegedacht over het project vanuit de klinisch-chemis-
che invalshoek en dat je onze cortisol- en melatonine-analyses hebt willen doen. Ido, 
ook jij bedankt voor het meedenken en voor het openstaan voor deze samenwerking. 
De stagiaires die mee hebben geholpen bij de dataverzameling van MOOVD wil ik 
ook bedanken, namelijk: Awa Diallo, Leonie van Asperen, Hanna van Wagensveld, 
Taïra Openneer, Marike Masker, Elise van der Stouwe, Minke Gommer en Iris van 
Vliet.

Er zijn veel mensen geweest die hebben geholpen bij het werven van de deelnemers 
voor MOOVD. Bij het Centrum Integrale Psychiatrie (CIP) waren dit onder andere: 
Rogier Hoenders, Bregje Hartogs, Nina Vollbehr, Michel Trox, Agna Bartels, Petra 
Vellinga en Anita La Crois-Blaauw. Bij de algemene poli van het Universitair Cen-
trum Psychiatrie (UCP) waren dit: Wim Winthorst, Herman Haverkamp, Carel Jiawan 
en Elsbeth Leeffers, en ook Roelie Nijzing als coördinator van alle onderzoeken 
binnen het UCP. Bedankt dat jullie mensen wilden enthousiasmeren om deel te nemen 
aan ons onderzoek.
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My dearest roomies, I still remember the first weeks in my (our) new room. Bertus, I 
had previously met you in the Psychiatric Epidemiology class, and noticed that you 
were one of the few people who seemed to enthusiastically participate and make intel-
ligent suggestions. So my first roommate couldn’t be a better pick. After a few weeks, 
Nik, I found you sitting in our room. About the first thing you asked me was whether I 
had ever given my boyfriend the Dutch oven, and this certainly wasn’t the last of such 
questions. I really appreciate your free spirit and your habit of starting discussions 
whenever possible. A true scientist you are! Finally, Nynke, you joined us fulltime, 
and I was very happy to have another woman in the room, for some additional girl 
power. I loved talking about our mutual interests and to share students with you. I 
couldn’t have wished better roomies. Work was always a good place to go, and there 
was always room for some (depressed) fun. We’ll keep in touch.

Een aantal andere collega’s wil ik in het bijzonder bedanken. Esther (Bouma), wat 
was het fijn om jou tijdens mijn stage bij het ICPE als begeleider te hebben. Je bent 
naast een slimme onderzoeker ook een heel fijn en gezellig mens. Kamergenootjes 
Annelene en Ymkje-Anna, bedankt voor de gezelligheid in het afgelopen jaar (en de 
chocola). Elise, jij was de girl next door, samen met Odilia, Anna Roos en Charlotte 
en later ook Arunima en Petra. Ik heb erg genoten van onze buurt bezoekjes en de 
gezamenlijke etentjes en borrels. Leuk dat we dat nog steeds af en toe doen. Ook alle 
andere mede-borrelaars van het ICPE wil ik bedanken voor de gezelligheid. 

Hanneke, ik ben blij dat onze wegen zich hebben gekruist en dat je me hebt 
aangenomen op je boeiende project, ook al was mijn proefschrift nog niet helemaal 
af. Ik ga nog veel van je leren. Evelien en Marieke, het voelt als een echt kadootje dat 
ik met jullie mag samenwerken en brainstormen over nieuw dagboekonderzoek. Ik 
heb ook genoten van het voorjaarscongres in Maastricht (en het mooie appartement), 
met ook Lian en Hanneke. 

Rogier en Agna, jullie hebben me de kans gegeven me in te zetten voor een aantal 
mooie (leefstijl)projecten bij het CIP, ondanks een nog af te ronden proefschrift. Dank 
daarvoor. 

Geachte leden van de leescommissie, Prof. dr. Elzinga, Prof. dr. Myin-Germeys en 
Prof. dr. Groothuis, bedankt dat jullie de tijd hebben genomen om mijn proefschrift te 
lezen en te beoordelen.

Lieve vriendinnetjes, Margriet, Brigitte, Ilona, Claudia, Ieteke, Susanne en Annemie. 
Wat fijn dat ik al die jaren met jullie kon kletsen, af en toe over mijn proefschrift, 
maar meestal over heel andere dingen. Het leven bestaat niet alleen uit proefschrift-
schrijven. 
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Paranimfen, Nynke en Brigitte, jullie wil ik nog apart bedanken. Nynke, we hebben 
zoveel leuke en (af en toe) minder leuke dingen gedeeld de afgelopen jaren. Het voelt 
heel natuurlijk en vertrouwd dat je tijdens mijn promotie naast me staat. Brig, ik ben 
gek op je energie en enthousiasme. Ik ben blij dat je dit avontuur met me wilt aan-
gaan.

Mama en papa bedankt voor jullie eeuwige steun en voor de ruimte die jullie me 
hebben gegeven om uit te zoeken wat ik leuk vind en natuurlijk voor de wekelijkse 
oppasmomenten met Ayla. Henk, Marloes, Hilde en Hendrik Jan, ook bedankt voor de 
praktische en geestelijke steun. Hilde, bedankt dat je meerdere malen mijn Nederland-
se teksten hebt gelezen en geredigeerd (zo ook de samenvatting van dit proefschrift). 
Tamara en Albert Jan en eigenlijk de hele familie ten Caat, enorm fijn dat Ayla altijd 
bij jullie mocht spelen als Fake en ik moesten werken. Mooi om te zien dat ze bij 
jullie allemaal een beetje thuis is. Marijke, bedankt dat je je creatieve brein wilde in-
zetten voor het vormgeven van de buitenkant van dit proefschrift. Ik vind het prachtig 
geworden.

Fake, je bent misschien geen wetenschapper in engere zin, maar jij weet vaak beter 
dan ik hoe de wereld in elkaar steekt. Je bent daarom mijn perfecte sparringpartner, 
die me helpt te relativeren en de wereld van een andere kant te bekijken. Maar bove-
nal ben ik blij dat je er altijd voor me bent! 

Ayla, ik moet zo vaak om en met jou lachen. Jij lief, gek en koppig kind. Als iets 
(iemand) mijn stressniveau heeft verlaagd in de afgelopen jaren dan ben jij het wel. Jij 
bent het beste wat me is overkomen tijdens mijn PhD project, en daarbuiten. 
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