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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).
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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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Part 2

HPA axis functioning as a mediator of 
the relationship between physical 

activity and depression






