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Introduction

    “…The schizophrenic is drawn from the entire range of human 

variation with regard to intelligence, competence, coping ability, 

achievement, and all other aspects of the human condition. He may 

be a top executive, a gifted artist, an outstanding scientist, a blue-

collar worker, or an unskilled ne’er-do-well bowery bum. No stratum 

of mankind is spared from this blight. The one feature that all 

schizophrenics have in common is not the ever presence of their 

illness, but rather the ever presence of their vulnerability…”

(Joseph Zubin & Bonnie Spring, 1977, p. 122)

From normality to pathology: a continuum of psychosis

Psychosis refers to a mental condition that is characterized by significant distortions in 

recognition and comprehension of reality. Individuals suffering from psychosis typically 

endorse hallucinatory experiences and delusional thoughts. Other hallmarks of psychotic 

disorder are disorganized speech, chaotic or catatonic behavior, and so-called negative 

symptoms (e.g., flat affect, poverty of speech, and avolition). Psychotic disorders are 

considered among the most severe mental illnesses, perturbing the emotional and social life 

of the affected individual and throwing its surrounding environment into great confusion. 

They affect approximately two to three percent of the population1, with a typical onset in 

early adolescence. Of all psychotic disorders, schizophrenia is considered the most severe 

illness, with a worldwide prevalence of approximately one percent2-4.

Although the psychosis phenotype is, for clinical purposes, often thought of as a dichotomous 

(i.e., ‘all-or-nothing’) entity, its natural distribution may be better represented along a 

continuum, extending from subtle psychotic experiences and subclinical symptoms in the 

healthy population to a clinically relevant disorder5-8. Although self-reported, subclinical 

psychotic experiences are very common in the general population and convert only 

rarely into clinical symptoms9, 10, there is substantial evidence of familial and aetiological 
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continuity between these transitory subclinical phenomena and clinically relevant psychotic 

disorders5, 11-13. Examining psychotic symptoms in non-clinical populations at increased risk 

of developing the disorder, e.g., psychometrically identified individuals with high schizotypy 

scores or first-degree relatives of patients with a psychotic disorder, may therefore help 

clarifying the underlying aetiology of psychosis. An additional advantage of this approach is 

the circumvention of potential confounding factors that are inherent to the clinical illness, 

e.g., antipsychotic drug treatment or illness chronicity.

Framing psychosis: the vulnerability-stress model

Stress has been repeatedly promoted as an important factor in the aetiology of psychotic 

experiences. The vulnerability-stress model, as originally advanced by Zubin and Spring in 

197714, assumes that exogenous and/or endogenous threats or challenges will elicit a crisis 

in all humans. Whether or not this crisis will lead to an episode of disorder depends on the 

intensity of the elicited stress and the threshold for tolerating it, i.e., one’s vulnerability, 

conceptualized as a stable interpersonal and possibly heritable trait. Several lines of 

evidence have since supported the notion of stress being involved in the development of 

psychotic symptoms. Stressful life events15-20, daily hassles21-24, highly emotional or averse 

family environments25-27, urbanicity28-30, migration31-35, victimization and childhood trauma36-

41 have all been repeatedly associated with the formation of psychotic symptoms. However, 

although studies collectively identify environmental stress as risk factor for psychosis, they 

disregard the imperative aspect of interaction between the stressful environment and 

the vulnerable individual, i.e., how does the stressful environment affect the vulnerable 

individual, and which mechanisms underlie its transition to illness?

Being sensitive in an insensitive world: how stress affects the 
vulnerable

A series of studies have investigated how individuals with varying levels of vulnerability to 

psychosis respond to stressful occurrences in the context of daily life. These studies have 

demonstrated that patients with a psychotic disorder (in a clinical state of remission), as well 

as their unaffected first-degree relatives23, 42 and individuals identified to be psychometrically 

at risk of psychosis43, react to minor daily stressors with increased intensity of psychotic 
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experiences and negative emotional responses. Furthermore, results from a general 

population cross-trait, within-twin study by Lataster and colleagues44, showed significant 

associations between reactivity to stress in one twin and subclinical psychotic experiences 

in the other, thereby eliminating the possibility that observations of stress reactivity in 

psychosis-prone individuals are purely attributable to the presence of subclinical or residual 

psychotic symptoms. Taken together, these findings are suggestive of co-segregation and 

familial association between the psychosis phenotype and increased reactivity to stress, 

thereby advancing stress reactivity as possible endophenotype of psychosis.

Studies by Myin-Germeys et al.45 and Lardinois et al.46, using an integrative approach, have 

investigated how this endophenotypic expression of psychosis vulnerability is influenced 

by exposure to environmental stressors that have been epidemiologically identified as 

risk factors for psychosis. Myin-Germeys and co-workers45, investigating a sample of 

patients with clinically remitted psychotic illness, showed a history of stressful life events 

to be associated with increased emotional reactivity to daily-life stress. Extending these 

findings, Lardinois and colleagues46, in a sample of psychotic patients, showed higher levels 

of childhood trauma to be associated with increased emotional and psychotic reactivity 

to daily-life stress. Compatible with a continual view of the psychosis phenotype, Glaser 

et al.47 and Wichers et al.48 reported similar associations between environmental adversity 

and daily-life stress reactivity in the general population, exposure to childhood trauma 

being associated with increased reactivity to the stresses of daily life. This pattern has been 

suggested to reflect an underlying process of behavioral sensitization49-51, i.e., repeated 

exposure to environmental stress or adversity (e.g., childhood trauma or stressful life 

events) will render individuals more sensitive or responsive, rather than more resistant to 

the occurrence of stress. This may cause the individual to react progressively more psychotic 

in response to stress, eventually leading to conversion into a clinically relevant disorder. 

To establish causality of such a mechanism, however, requires prospective, rather than 

cross-sectional study designs. Although Wichers et al.52, in a prospectively designed general 

population study, found the experience of major life events to moderate the probability 

of transition from stress sensitivity to depression, adequately powered prospective studies 

investigating the causality of stress sensitization in psychosis are currently lacking. In the 

study described in Chapter 2, data from the Early Developmental Stages of Psychopathology 

(EDSP) study53, 54, a 10-year longitudinal study of a population sample of 3021 adolescents 

and young adults designed to provide answers about prevalence, incidence, risk factors, 

comorbidity and course of mental disorders, were used to examine the hypothesis of recent 
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stressful events and psychosis being moderated by previous exposure to adversity, taking 

into account possible confounding by other risk factors for psychosis55.

Dopamine – Director of experience
Although stress reactivity has proven a useful endophenotype for psychosis, research into 

its neurobiological underpinnings is currently scant. Considering the suggested central role 

for dopamine dysfunctions in patients with a psychotic disorder (see Howes and Kapur56 for 

review of the literature), and involvement of dopaminergic neurotransmission in the human 

stress response57-59, the dopamine system can be hypothesized to have an explanatory role 

in the stress-pathogenesis of psychosis.

Lights, camera… dopamine – setting the scene for psychosis

The conception of psychosis involving dopamine neurotransmission can be traced 

back to the discovery of antipsychotic drugs60, and the subsequent demonstration of 

their antidopaminergic properties61. Further evidence came from the observation that

amphetamine, a psychostimulant that increases synaptic dopamine levels, can induce 

psychosis62. Final confirmation of dopamine involvement in psychosis was provided 

by a number of pivotal studies63-65, showing clinical effectiveness of antipsychotic or 

‘antischizophrenic’ compounds to be directly related to their affinity for the dopamine 

receptor. These findings led to the dopamine hypothesis of psychotic disorders being originally 

themed around excess activity of the dopamine system. Since then, the development of 

in vivo neuroimaging techniques has boosted research on the neuropathophysiology of 

psychosis, elucidating the role of dopamine therein (see Howes and Kapur56 for review).

Keeping balance or losing it: a matter of regional specificity

Whereas the initial dopamine hypothesis considered dopamine levels to be universally 

elevated throughout the psychotic brain, it has become clear that the effects of dopamine 

abnormalities vary by brain region66. Although schizophrenic patients indeed seem to suffer 

from excessive (or ‘hyper’) dopaminergic activity in mesolimbic areas56, 67-76, their prefrontal 

brain regions are, in fact, characterized by abnormal low (or ‘hypo’) dopaminergic activity77-
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80. These abnormalities are mostly attributable to presynaptic dysfunctions of the dopamine 

system72, 81-83, rather than abnormalities in receptor density, as was previously suggested84-

87.

Hyperactivity of mesolimbic dopamine neurons is well-established through positron emission 

tomography (PET) studies that show increased production70, 71, 75, 76, 88, 89 and release67, 69, 

72-74, 90 of dopamine in the striatum of psychotic patients. Moreover, striatal dopamine 

synthesis capacity predicts conversion to psychotic illness in individuals at ultra-high-risk 

for psychosis91, 92. In addition, medication-naïve patients display increased striatal dopamine 

release in response to the psychostimulant amphetamine compared to healthy controls74. In 

fact, the amount of amphetamine-induced dopamine release in these regions is associated 

with the drug’s potency to provoke psychotic symptoms67.

Evidence for hypoactivity of the prefrontal dopamine system in patients with a psychotic 

disorder is less abundant and largely indirect. Schizophrenia patients display cognitive deficits, 

primarily in the areas of working memory and executive functioning93-95 – functions that are 

generally associated with dopamine transmission in the prefrontal cortex96, 97. Furthermore, 

several studies indicate that regional cerebral blood-flow (rCBF) – an indicator of neural 

activity – towards prefrontal brain regions is lower in schizophrenic patients compared to 

controls, both under rest and cognitive performance conditions77, 80, 98-102. Weinberger and 

colleagues79 correlated rCBF towards prefrontal areas during the Wisconsin Card Sorting 

Test103, a cognitive task that places demands on executive functioning, with concentrations 

of the dopamine metabolite homovanillic acid (HVA)104, 105 in the cerebrospinal fluid. 

Patients with schizophrenia displayed lowered rCBF towards prefrontal brain areas and, 

moreover, the degree of diminution of prefrontal activation correlated inversely with HVA 

concentrations in the cerebrospinal fluid, implying a relationship with decreased cortical 

dopaminergic activity. Although these studies did not assess dopaminergic activity directly, 

the findings appear to suggest hypofunctioning of the prefrontal dopamine system, likely 

associated with the cognitive deficits seen in schizophrenia.

Animal studies showing that lesions of the prefrontal cortex increase dopamine turnover 

rates106, 107 and amphetamine-induced dopamine release108, 109 in mesolimbic areas, have 

given rise to the hypothesis that an interplay of prefrontal and mesolimbic structures is 

involved in the aetiology of psychotic disorders66. An in vivo human imaging study by Meyer-

Lindenberg and co-workers110, in which presynaptic striatal dopamine activity and prefrontal 

neurotransmission (rCBF) were monitored simultaneously during a working memory task, 

appears to support this hypothesis. During task performance, presynaptic dopamine activity 
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in the striatum was increased in schizophrenia patients relative to controls, and this increase 

was in turn associated with reduced neurotransmission in prefrontal brain areas.

Taken together, these findings are suggestive of asymmetry of the dopamine system in 

psychosis, involving ‘hypoactivity’ of prefrontal and ‘hyperactivity’ of mesolimbic dopamine 

structures. Importantly, dopamine transmission in these brain regions, i.e., prefrontal and 

mesolimbic areas, is also implicated in stress processing111, advancing anomalies within 

the prefrontal-mesolimbic dopamine system as candidate neurochemical culprit of the 

behavioral reactivity to stress observed in psychosis.

Stopping a car with no brakes: the attenuating function of prefrontal 
dopamine

Dopamine is considered to play a key role in the rodent stress response. Tidey and Miczek112 

exposed rats to a social stressor by placing them in a cage together with a resident rat that 

had previously defeated them. This encounter increased extracellular dopamine levels in

the prefrontal cortex and the nucleus accumbens, but not in the striatum of the intimidated 

rat. Similar results were obtained by Abercrombie and colleagues113 when they exposed 

rats to a series of electrical tailshocks; the rats responded with increased dopamine 

concentrations primarily in frontal cortex and to a much lesser extent in the striatum (95% 

and 25% increase relative to baseline, respectively). Moreover, a number of studies have 

shown that depletion of dopamine in the rat prefrontal cortex leads to increased stress-

induced dopamine release in mesolimbic brain regions114-116. These findings have led to 

the hypothesis that prefrontal dopamine transmission attenuates mesolimbic dopamine 

release, exerting a “brake-like” function that may play a vital role in diminishing the adverse 

effects of stress on the brain117, 118. However, few studies have investigated the direct effects 

of psychosocial stress on dopamine release in humans and, moreover, these studies have 

been limited by the methodological restrictions of in vivo imaging techniques, a lack of high 

affinity D2/3 radioligands limiting PET exploration of dopaminergic transmission to brain 

regions with high D2 receptor density, primarily the striatum.

Montgomery et al.119 measured the effect of stress, induced by difficult mental arithmetic 

and negative performance feedback, on striatal dopamine release. Exposure to stress did 

not increase dopamine release in striatal regions, suggesting that a mild stressor does 

not necessarily increase mesolimbic dopamine release in healthy individuals. A study by
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Pruessner and colleagues57 utilized a similar psychosocial stress task in a PET paradigm to 

investigate striatal dopamine release in a sample of healthy college students who were 

classified as having received either low or high maternal care in childhood. Only those 

who had received low maternal care in childhood displayed increased striatal dopamine 

release in response to the stress task, fitting sensitization-theory49-51 by suggesting that a 

lack of maternal care in childhood may possibly lead to sensitivity of the dopamine system, 

as reflected by increased dopamine release in mesolimbic brain regions in response to 

stress. Similar to Montgomery et al.119, a study by Soliman and colleagues120 reported no 

effect of psychosocial stress on striatal dopamine release in healthy individuals. However, 

a group of individuals with negative schizotypy included in this study did show increased 

dopamine release in the striatum after being exposed to stress. Findings from these studies 

seem to suggest that there is no evidence for stress being associated with increased 

striatal dopamine levels in healthy humans, in line with aforementioned suggestions of 

stress-induced striatal dopamine release in rodents occurring secondary to stress-induced 

dopamine release in prefrontal regions113. Rather, the effects of stress on striatal dopamine 

might be restricted to behaviorally sensitized and/or psychosis-prone individuals. Given the 

observation of prefrontal dopamine transmission attenuating stress-induced mesolimbic 

dopamine release114-116, and suggested ‘hypoactivity’ of prefrontal dopamine structures 

in these individuals, it can be posed that individuals at risk of psychosis may suffer from 

a loss of control of the prefrontal dopamine system over mesolimbic dopaminergic 

neurotransmission, resulting in increased stress reactivity in daily life23, 42. Although Soliman 

et al.120 showed stress-induced dopamine release in human striatum to be negatively 

correlated with smooth pursuit gain, an endophenotype linked to frontal lobe integrity, 

direct in vivo evidence for an impaired attenuating function of the prefrontal dopamine 

system in psychosis is currently lacking and, moreover, does not pertain to the context of 

stress reactivity. In fact, despite its possible vital role in stress regulation, no single study has, 

thus far, investigated stress-induced dopamine release in human prefrontal cortex.

Recent development of high affinity D2/3 radioligands, among which [18F]fallypride, has 

offered possibilities for exploration of extrastriatal dopamine sites such as the prefrontal 

cortex121-126. The tandem of studies presented in Chapter 3 and Chapter 4 used [18F]fallypride 

PET imaging122 in a sample of healthy volunteers and healthy first-degree relatives of 

patients with a psychotic disorder to examine (i) whether exposure to a laboratory stressor 

is associated with in vivo dopamine release in the human prefrontal cortex, and (ii) whether 

individuals at familial risk for psychosis, who have been previously observed to respond 
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to minor daily stressors with increased intensity of psychotic experiences and negative 

emotional responses23, 42, 43, display aberrations in stress-induced prefrontal dopamine 

signaling.

Dopamine management – the unrewarding necessity of 
antipsychotics

The formation of delusions and hallucinations in patients with a psychotic disorder is directly 

linked to hyperactivity of striatal D2 dopamine receptors67, 91, 92. As such, attenuation of 

striatal dopamine activity through blockade of the dopamine receptor has proven a cardinal 

mechanism in the treatment of these symptoms. Clinical potency of antipsychotic drugs, 

quantified as the degree to which positive symptoms (i.e., hallucinations and delusions) are 

reduced, is determined by their potency to block the striatal dopamine D2 receptor63-65, 127. 

However, several studies have indicated that the striatal-mesolimbic dopamine system is also 

involved in reward, motivation, and salience128-136. Kapur and colleagues137, 138 have argued 

that a hyperactive state of the mesolimbic dopamine system may cause aberrant salience 

(the assignment of salience to otherwise unimportant stimuli), and thereby fuel psychotic 

experiences. Accordingly, antipsychotic drugs may reduce delusions and hallucinations by 

dampening aberrant salience attribution through blockade of the dopamine D2 receptor. 

However, the collateral attenuation of motivational salience of other experiences and 

thoughts may induce motivational indifference and block emotional experience associated 

with natural rewards139, in line with observations of altered emotional well-being in response 

to antipsychotic treatment140, 141. More specifically, high levels of D2 receptor occupancy are 

associated with feelings of dysphoria and decreased feelings of safety and self-confidence142, 

143. Similarly, prolonged dopamine depletion has been shown to result in negative mood 

states144.

Despite the apparent link between dopamine receptor blockade and emotional well-being, 

positive symptom reduction and occurrence of extrapyramidal side-effects have long been 

the main outcome measures in medication studies145. However, the occurrence of emotional 

impairment may be a more subtle yet more important side-effect of antipsychotic medication, 

as it already occurs at relatively low levels of dopamine receptor blockade146, independent 

of overall symptom severity or extrapyramidal symptoms142, 143, and may have important 

implications for medication compliance and treatment outcome147, 148. Disturbances in 
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1

emotional experience have been previously investigated using medication-related cross-

sectional questionnaires in semi-experimental environments. While productive, these 

studies nevertheless lack ecological validity, as emotional experiences occurring in the flow 

of daily life are assessed retrospectively and globally using cross-sectional instruments.

The Experience Sampling Method (ESM)149, 150, a fine-grained momentary assessment 

technique, holds promise in clinical psychopharmacology because of its accurate information 

retrieval and superior ecological validity. Furthermore, the collection of multiple data points 

reduces random error variance and increases sensitivity to detect subtle changes. Previous 

work in the field of depression151-154 has illustrated the added value of the ESM in providing 

more detailed information with regard to the psychological mechanisms underlying 

treatment effects and adherence. The studies presented in Chapter 5 and Chapter 6 aimed 

at extending this work into the field of psychosis, focusing on the association between 

antipsychotic drug interactions with the dopamine (D2) receptor and the experience of 

emotions in the natural flow of daily life assessed with the Experience Sampling Method. 

Aims and outline of this thesis
The overall aim of the work presented in this thesis was to shed further light on the role 

of stress and adversity in psychosis. More specifically, the studies presented in this thesis 

aimed at:

Examining causality of the behavioral sensitization mechanism suggested to underlie 

observations of increased reactivity to daily-life stress in psychotic patients reporting a history 

of adversity  ►   In Chapter 2, a 10-year longitudinal, prospective study of a population sample 

of 3021 adolescents and young adults is presented that examined whether the association 

between recent adversity and psychosis is moderated by exposure to previous adverse 

events, taking into account possible confounding by other risk factors for psychosis55. It was 

hypothesized that exposure to adverse events early in life would render individuals more 

sensitive to the psychotogenic effects of later occurring adversities.

Elucidating the neurobiology of the human stress response and the specific role of 

prefrontal dopamine therein   ►The study described in Chapter 3 of this thesis used the novel 

and highly selective dopamine D2/3 PET radioligand [18F]fallypride to detect in vivo prefrontal 

dopamine release in healthy human subjects (n=12) in response to a laboratory stressor 
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that attempted to emulate real-world social interactions. The experience of psychosocial 

stress was hypothesized to be associated with dopamine release in the human prefrontal 

cortex, reflected by increased [18F]fallypride ligand displacement.

Investigating whether dysfunctions in stress-induced prefrontal dopamine signaling may 

represent a vulnerability marker for psychosis   ►The study presented in Chapter 4 extended 

the work described in Chapter 3 by utilizing the same [18F]fallypride PET stress paradigm 

in a sample of healthy subjects (n=10) and healthy first-degree relatives of patients with a 

psychotic disorder (n=14) to examine how the prefrontal dopamine stress-response pertains 

to the stress reactivity endophenotype of psychosis. It was hypothesized that relatives, 

at familial risk for psychosis, would suffer from impaired attenuation of stress-induced 

mesolimbic dopamine release by the prefrontal dopamine system, reflected by anomalies 

in stress-induced prefrontal dopamine signaling associated with psychotic reactivity to the 

laboratory stressor.

Mapping the adverse effects of pharmacological blockade of the dopamine receptor 

on subjectively experienced emotional well-being in the daily life of psychotic patients 

►The studies described in Chapter 5 and Chapter 6 of this thesis used the Experience 

Sampling Method (a structured diary technique) to untangle the working mechanisms of 

antipsychotic compounds with regard to their impact on emotional well-being. In Chapter 5, 

a study is presented that investigated, in a large sample of 109 patients with a diagnosis of 

psychotic disorder, to what extent emotional side-effects of antipsychotics were attributable 

to how strongly the drugs compete with dopamine for occupancy of the D2 receptor. It was 

hypothesized that haloperidol and risperidone, which bind more ‘tightly’ to the D2 receptor 

than dopamine itself, would have more detrimental effects on daily-life emotional experience 

than the ‘looser’ binding agent olanzapine. The study described in  Chapter 6 assessed the 

effects of switching from treatment with traditional dopamine antagonist antipsychotics 

to treatment with the partial dopamine agonist aripiprazole on emotional well-being in 

the daily life of 13 patients with a diagnosis of schizophrenia. It was hypothesized that the 

partial D2 agonistic profile of aripiprazole would favor emotional well-being compared to the 

pure dopamine antagonistic properties of traditional antipsychotics. 

In Chapter 7, findings from the presented studies are summarized and integrated, and 

implications for clinical practice and future research are concisely discussed.
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Abstract

Objective: Recent studies have suggested that early adverse events, such as childhood 

trauma, may promote enduring liability for psychosis whereas more recent adverse events 

may act as precipitants. Examination of these environmental dynamics, however, requires 

prospective studies in large samples. This study examines whether the association between 

recent adverse events and psychosis is moderated by exposure to early adversity.

Method: A random regional representative population sample of 3021 adolescents and 

young adults in Munich, Germany, was assessed three times over a period of up to 10 

years, collecting information on sociodemographic factors, environmental exposures, and 

measures of psychopathology and associated clinical relevance. Evidence of statistical non-

additivity between early adversity (two levels) and more recent adversity (four levels) was 

assessed in models of psychotic symptoms. Analyses were a priori corrected for age, gender, 

cannabis use, and urbanicity.

Results: Early and recent adversity were associated with each other (RR=1.32, 95% CI 1.06-

1.66; p=.014) and displayed statistical non-additivity at the highest level of exposure to 

recent adversity (χ2=4.59; p=.032).

Conclusion: The findings suggest that early adversity may impact on later expression of 

psychosis either by increasing exposure to later adversity and/or by rendering individuals 

more sensitive to later adversity if it is severe.
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Introduction

Vulnerability for psychosis is likely determined by the interacting contributions of multiple 

genetic and environmental factors1, 2. One environmental factor thought to impact on risk is 

the experience of stressful or adverse life events (hereafter: recent adversity)3-7. Despite a 

general acceptance in both clinical practice and the literature that recent adversity increases 

the risk for psychotic illness, epidemiological studies investigating the relationship between 

recent adversity and psychotic outcomes have yielded conflicting results (see Fallon8 for 

review). Although several studies report increased rates of recent adversity in the period 

prior to onset of psychotic symptoms or relapse3, 4, 9, other studies have failed to replicate 

these findings10-14. Sampling differences and methodological variation and inadequacies may, 

at least in part, explain these conflicting results3, 8, 15. However, not all inconsistencies may be 

attributable to differences in study design, since even studies with comparable designs have 

reported disparate findings12, 16, 17. In addition, in studies reporting associations between 

recent adversity and psychotic relapse, no more than half of all psychotic outcomes could 

be attributed to recent adversity, assuming causality4, 8, 17, 18. These observations do not 

support the hypothesis that recent adversity triggers psychosis per se but, rather, suggest 

the existence of subgroups rendered more sensitive to the psychosis-provoking effect of 

recent adversity or predisposed to more frequently experience recent adversity.

It has been suggested that the experience of stressful events early in life such as childhood 

trauma (hereafter: early adversity) may explain, in part, the existence of predisposed or 

vulnerable subgroups19. However, although exposure to early adversity such as childhood 

trauma has been associated with increased sensitivity for small, daily stressors in adulthood15, 

20, 21, the lack of prospective studies hampers interpretation. In order to investigate possible 

moderating effects of early adversity on the psychosis-provoking effects of stressful 

experiences occurring later in life, a longitudinal, prospective study is required with a 

relatively large sample size19, 22.

The Early Developmental Stages of Psychopathology (EDSP) study23, 24 is a longitudinal study 

of a population sample of 3021 adolescents and young adults that was designed to provide 

answers about prevalence, incidence, risk factors, comorbidity and course of substance use 

and other mental disorders. Using data from the EDSP-study, the current study aimed at 

examining whether the association between recent adversity and psychosis is moderated 

by exposure to early adversity, taking into account possible confounding by urbanicity and 

cannabis use.
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Materials and methods

Sample
Data were from the Early Developmental Stages of Psychopathology (EDSP) Study, which 

collected data on the prevalence, incidence, risk factors, comorbidity, and course of mental 

disorders in a random, representative population sample of adolescents and young adults 

in the general population. The baseline sample, following ethics committee approval, was 

randomly drawn in 1994 from the respective population registry offices of Munich and its 

29 counties to mirror the distribution of individuals expected to be 14–24 years of age at the 

time of the baseline interview in 1995. The base population were all those born between 

June 1, 1970, and May 31, 1981, registered as residents in these localities and having 

German citizenship. These registers can be regarded as highly accurate because (i) each 

German is registered by his town, (ii) the registers are regularly updated, (iii) in the interest 

of scientific studies, any number of randomly drawn addresses with a given sex and age 

group can be obtained, and (iv) strict enforcement of registration by law and the police 

applies. More details on the sampling, representativeness, instruments, procedures, and 

statistical methods of the sample have been presented previously23, 24. The EDSP study was 

approved by the Ethics Committee of the Technical University Dresden (No: EK-13811), and 

was carried out in accordance with The Code of Ethics of the World Medical Association 

(Declaration of Helsinki) for experiments involving humans.

Study design
The longitudinal prospective design consisted of a baseline and three follow-up surveys (T1, 

T2, and T3), covering a time period of on average 1.6, 3.5, and 8.4 years, respectively, from 

baseline (range at T3: 7.3–10.5 years). As the primary goal of the study was to examine 

developmental aspects of psychopathology, the younger group (14 and 15 years of age) 

was sampled at twice the rate of persons 16–21 years of age, and the oldest group (22–24 

years) was sampled at half this rate. For the same reason, subjects 14–17 years of age at 

baseline were examined at all four time points, whereas the full baseline sample was only 

assessed at three time points (baseline, T2, and T3). The present study is based on the three 

assessments that were available for the full baseline sample: 3021 individuals 14–24 years 

of age at baseline and their follow-up assessments at T2 (n=2548; response rate=84%) and 

T3 (n=2210; 73%). Written informed consent was obtained from all participants.

Ch
ap

te
r 

2 

35



Instruments

The Munich-Composite International Diagnostic Interview
Participants were assessed using the computerized version of the Munich-Composite 

International Diagnostic Interview (DIA-X/M-CIDI)25, 26, an updated version of the World 

Health Organization’s CIDI version 1.227. The DIA-X/M-CIDI is a comprehensive, fully 

standardized diagnostic interview and assesses symptoms, syndromes, and diagnoses of 

various mental disorders in accordance with the definitions and criteria of the International 

Classification of Diseases, Tenth Revision (ICD-10), and Diagnostic and Statistical Manual of 

Mental Disorders (Fourth Edition), along with information about onset, duration, severity of 

symptoms, and psychosocial impairment as well as interviewer observations. 

As the assessment of psychosis with the CIDI by lay interviewers is not considered reliable25, 

28, trained clinical interviewers at the level of psychologist, who were allowed to probe with 

follow-up clinical questions, conducted the interviews in the respondents’ homes. 

At baseline, the DIA-X/M-CIDI lifetime version was used. At each of the follow-up assessments, 

interviewers administered the interval version, covering the period from the last interview 

until the current. 

The Self-report Symptom Checklist-90R
At each wave, participants completed the self-report symptom checklist-90R29, the timeframe 

of which is the past 2 weeks, oriented to screen for a broad range of psychological problems 

and psychopathology. It contains 90 items, scored on a 5-point severity scale, measuring 

9 primary symptom dimensions named ‘‘somatization’’, ‘‘obsessive-compulsiveness’’, 

‘‘interpersonal sensitivity’’, ‘‘depression’’, ‘‘anxiety’’, ‘‘hostility’’, ‘‘phobic anxiety’’, ‘‘paranoid 

ideation’’ and ‘‘psychoticism’’. Reliability and validity of the SCL-90-R have been established 

previously29, 30. For current analyses, data from baseline and T2 were used.

Munich Interview for the Assessment of Life Events and Conditions (MEL)
At T2, the Munich Interview for the Assessment of Life Events and Conditions (Münchner 

Ereignis Liste; MEL)31 was used to assess the occurrence of recent adversity in the period 

between baseline and T2. The MEL is a three-step interview procedure for assessing recent 

adversity through recognition, rather than free recall, using a list of 84 very detailed and 

specific descriptions of positive and negative life events encompassing 11 dimensions, 

including school and education, family, social contacts, professional activities, and living 
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circumstances. First, a life chart is used to identify anchor events and the date of their 

occurrence, facilitating the general timing of incidents within the period of assessment. 

Next, subjects are interviewed about the content, timing, and context of these events. 

Finally, systematic probe questions and memory aids are provided by the interviewer to 

identify additional events that were not yet mentioned by the subject. Incidents that were 

not operationalized within the MEL but were mentioned by the subjects were also coded. 

Reliability of the MEL has been established previously32.

Definition of variables

Early adversity
Childhood early adversity measures were derived from the trauma-section (items N1 

through N19) of the DIA-X/M-CIDI lifetime interview, conducted at baseline, and information 

about early life parental loss and separation, assessed at T3. At baseline, participants could 

indicate a positive response on a visually presented list of traumatic events, including 

terrible experiences in a war, serious physical threats or attacks, rape, sexual abuse, 

natural catastrophes, serious accidents, imprisonment, and hostage or kidnap experiences. 

Consistent with previous work in this sample33, 34, affirmative responses to any of the events 

were labelled ‘self-reported trauma’. Furthermore, given the strong association between the 

experience of parental loss or separation and psychosis35-37, all participants were identified 

that at T3 reported death of a parent or separation from a parent preceding the date of 

baseline assessment. Measures of self-reported trauma and parental loss/separation were 

combined into a dichotomous (“yes” vs. “no”) ‘early adversity’ variable.

Recent adversity
Classification of recent adversity was based on self-reported trauma according to the 

trauma-section of the DIA-X/M-CIDI interval version (items N1 through N19), self-reported 

negative life events according to the MEL cluster of negative life events, both assessed at T2, 

and information about parental loss and separation, assessed at T3. ‘Self-reported trauma’ 

measures at T2 were identical to those at baseline, with the exception of the timeframe 

considered. At T3, all participants were identified that reported death of a parent or 

separation from a parent having occurred after baseline up to T2 assessments. A continuous 

‘recent adversity’ variable was constructed, calculated as the sum of self-reported traumatic 

events, negative life events and occurrences of parental loss or separation after baseline up 
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to T2 assessments. The distribution of this variable was divided by its quartiles, resulting 

in four exposure levels: “0” (0-2 events); “1” (3-5 events); “2” (6-9 events); and “3” (≥ 10 

events).

Psychosis liability
Consistent with previous work in this sample33, 38, 39, the psychoticism and paranoid ideation 

subscales of the SCL-90R were combined into one psychosis scale (hereafter: ‘SCL-psychosis’), 

by summing their scores. The resulting SCL-psychosis variable thus was a continuous score 

displaying a half-normal distribution at all time points (baseline-T3). Consistent with 

previous work in this sample39, a dichotomous ‘psychosis liability’ variable was created using 

a cutoff point to define the group of individuals with the highest 10% of scores of the SCL-

psychosis variable at either baseline or T2. These participants were considered as having a 

psychometrically defined predisposition for psychosis prior to T3.

Outcome variables

T3 Psychosis
Interview ratings from the psychosis section of the T3 DIA-X/M-CIDI (interval version; items 

G1, G2a, G3–G5, G7–G13, G13b, G14, G17, G18, G20, G20C, G21, and G22a) on delusions 

(15 items) and hallucinations (5 items) were used to assess the outcome of T3 psychotic 

symptoms. These 20 items concern classic psychotic symptoms, including Schneiderian first-

rank symptoms such as audible thoughts, thought insertion, thought withdrawal, and made 

acts and impulses. Participants were invited to read a list of all the psychotic experiences and 

asked whether they had ever experienced such symptoms. Each psychosis item was rated 

absent or present. Consistent with previous work in this sample38, 40, presence of psychotic 

symptoms was defined as a rating of “present” on any of the 20 psychosis items.

T3 Clinical relevance
Clinical relevance of positive psychotic symptoms was assessed with interview ratings of 

the T3 DIA-X/M-CIDI (interval version) psychosis section. Three help-seeking items assessed 

whether participants had ever sought help because of psychotic symptoms: “seeking 

doctor’s help because of delusions (G16) or hallucinations” (G23) or “seeking help from 

other mental health professionals” (Q1DG), ranging from a general practitioner or school 

psychologist to psychiatric sheltered housing. Consistent with previous work in this sample38, 
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40, 41, a dichotomous ‘help-seeking’ variable was created, indicating a positive answer to any 

of the three questions (coded as 1) versus negative answers on all.

The diagnostic interview also assesses the effect of psychotic experiences on “feeling upset 

or unable to work, go places, or enjoy oneself” (G28) at the time of having these experiences; 

“being less able to work” (G29) or “less able to make friends or enjoy social relationships“ 

(G29a) since these experiences began; and how much their “life and everyday activities 

were impaired when these experiences were at their worst” (G36). Consistent with previous 

work in this sample38, 40, 41, a dichotomous ‘dysfunction’ variable was created representing a 

positive answer on any of the four questions (coded as 1) versus negative answers on all.

Finally, consistent with previous work in this sample38, 40, 41, a dichotomous variable ‘psychotic 

impairment’ was created, coded as 1 for subjects with psychotic experiences who had ratings 

of “1” on either help-seeking or dysfunction or both.

Urbanicity
Urbanicity was assessed at baseline by retrieving data on living location from the population 

registry offices of the city and the 29 counties of Munich. Consistent with previous work in 

this sample38, 40, 41, urbanicity was defined as either living in the city of Munich (4061 persons 

per square mile) or in its rural surroundings (553 persons per square mile) at the time of 

study inclusion. 

Cannabis use
Information about cannabis use was extracted from the L-section of the DIA-X/M-CIDI 

interview, conducted at baseline (lifetime version), T2 (interval version), and T3 (interval 

version). Based on previous work in this sample39, 41, lifetime cannabis use was defined as 

a dichotomous variable, differentiating between participants who reported cannabis use 

more than 5 times at either baseline or T2, and those who did not.

Statistical analysis

Risk set
Analyses regarding early and recent adversity in relation to T3 psychotic symptoms and 

T3 psychotic impairment outcomes were conducted in the group of individuals who had 

complete data on early adversity, recent adversity, and T3 psychosis outcome measures 

(n=2149). In addition, since exposure to, and recall of adverse events may likely be biased by 
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psychotic experiences or illness42, all participants fulfilling criteria for psychosis liability prior 

to T3 (n=427) were excluded from the analyses, yielding a risk set of 1722 individuals and a 

non-included group of 1299 individuals. A sensitivity analysis to test the effect of excluding 

participants fulfilling criteria for psychosis liability prior to T3 (n=427) was conducted.

Analysis
Associations between ‘early adversity’ (prior to baseline), ‘recent adversity’ (after baseline up 

to T2), and incident psychosis outcome (T3 ‘psychotic symptoms’; T3 ‘psychotic impairment’) 

were expressed as risk ratios (RR), with their 95% confidence intervals, from binomial 

regression models in Stata, release 10.043. In order to test for statistical non-additivity 

between ‘early adversity’ (E) and ‘recent adversity’ (R), RR’s of ‘psychotic symptoms’ and 

‘psychotic impairment’ at T3 were calculated for the eight exposure cells that make up the 

combination of the two exposures; RR(E0R0); RR(E0R1); RR(E0R2); RR(E0R3); RR(E1R0); RR(E1R1); 

RR(E1R2); RR(E1R3) (Table 3; Table 4), consistent with previous work in this sample44. Similar to 

recent work in this area33, 45-51, the interaction between ‘early adversity’ and ‘recent adversity’ 

in the models of T3 ‘psychotic symptoms’ and T3 ‘psychotic impairment’ was tested under 

an additive model, as this yields information on the degree of synergism between causes 

– that is, the extent to which both causes depend on each other or coparticipate in disease 

causation52. For the three interaction terms, the null hypothesis of no additive interaction 

(example given for R3, similar equations for R1 and R2): RR(E1R3) - RR(E1R0) - RR(E0R3) + RR(E0R0) 

= 0 was assessed by Wald test, with RR(E0R0) = 1 representing the reference exposure cell53-

55. Rejection of the null hypothesis suggests synergism between early and recent adversity 

in their association with psychosis onset. All results were interpreted against a significance 

threshold of α=5% (p=0.05).

Results

Subject characteristics
The distribution of demographic variables for the risk set and the non-included group at 

baseline is displayed in Table 1.

Within the risk set, 605 individuals (35.1%) reported baseline early adversity, with the 
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following distribution of adversity: serious physical threats or attacks (n=121; 20.0%); 

serious accidents (n=110; 18.2%); sexual abuse (n=21; 3.5%); rape (n=11; 1.8%); natural 

catastrophes (n=5; 0.8%); terrible experiences in a war (n=4; 0.7%); imprisonment, hostage 

or kidnap experiences (n=1; 0.2%); other traumatic experiences (n=28; 4.6%); witnessing 

any of the above (n=61; 10.1%); separation from or death of a parent (n=243; 40.2%). With 

regard to recent (i.e., after baseline up to T2) adversity, a proportion of 15.6% (n=268) 

reported 0-2 adverse events; 28.7% (n=494) reported 3-5 adverse events; 30.6% (n=527) 

reported 6-9 adverse events; 25.1% (n=433) reported 10 or more adverse events. Within the 

risk set, 170 individuals (9.9%) displayed psychotic symptoms at T3, of which 63 individuals 

(3.7% of total risk set) fulfilled criteria for T3 psychotic impairment.

Associations between early adversity, recent adversity, and T3 psychotic 
outcome
Unadjusted binomial regression indicated that early adversity was associated with T3 

psychotic symptoms; 72 of 605 (11.9%) individuals with early adversity reported T3 

psychotic symptoms, compared to 98 of 1117 (8.8%) without early adversity (RR 1.36, 95% 

CI 1.02-1.81; p=.038). Similarly, early adversity was significantly associated with T3 psychotic 

impairment; 30 of 605 (5.0%) individuals with early adversity fulfilling criteria for T3 psychotic 

impairment, compared to 33 of 1117 (3.0%) without early adversity (RR 1.68, 95% CI 1.03-

2.72; p=.036). Both associations were in part reducible to the effects of demographic and 

other risk factors (corrected for age, gender, urbanicity, and cannabis use: RR 1.24, 95% CI 

.92-1.67; p=.165, and RR 1.47, 95% CI .88-2.44; p=.140, respectively).

Recent adversity, particularly at the highest severity level, was strongly associated with an 

increased risk of T3 psychotic symptoms; 16.6% (n= 72 of 433) of individuals in the highest 

exposure group (≥10 events) reported T3 psychotic symptoms, compared to 5.2% (n= 14 of 

268) in the lowest exposure group (0-2 events) (RR 3.18, 95% CI 1.83-5.53; p=.0001; Table 2). 

Similarly, recent adversity was associated with T3 psychotic impairment; 7.2% (n= 31 of 433) 

of individuals in the highest exposure group fulfilled criteria for T3 psychotic impairment, 

compared to 1.5% (n= 4 of 268) in the lowest exposure group (0-2 events) (RR 4.80, 95% CI 

1.71-13.44; p=.003; Table 2). Both associations remained significant after correction for age, 

gender, urbanicity, and cannabis use (RR 3.18; 95% CI 1.79-5.64; p=.0001, and RR 4.59, 95% 

CI 1.62-13.00; p=.004, respectively).

Finally, individuals who had experienced early adversity were more likely to report ≥10 

recent adverse events at T2 than those who had not; 185 of 605 (30.6%) individuals who 
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had experienced early adversity reported ≥10 recent adverse events, compared to 248 of 

1117 (22.2%) individuals without early adversity (RR 1.51, 95% CI 1.21-1.88; p=.0001). This 

association remained significant after correction for age, gender, urbanicity, and cannabis 

use (RR 1.32, 95% CI 1.06-1.66; p=.014).

Non-additivity between early and recent adversity
The risk ratios for T3 psychotic symptoms in the 8 exposure states are depicted in Table 

3. Significant associations were apparent only for the highest levels of exposure to recent 

adverse events (R3), with or without exposure to early adversity. The adjusted risk ratio 

for the combined RR(E1R3) exposure category was 4.08, whereas for early adversity alone 

(RR(E1R0)) it was 1.10, and for those exposed to ≥10 recent adverse events alone (RR(E0R3)) 

it was 2.67. Considering a risk ratio of 1.00 for the reference exposure category (RR(E0R0)), 

this suggests a departure from independence, as the expected risk ratio for the combined 

RR(E1R3) exposure category in the case of independence would have been 1.10+2.67-

1.00=2.7752, 54, 55. In other words, the effect size of the highest level of exposure to recent 

adversity for psychotic symptoms in those without early adversity was, on the additive scale, 

2.67-1.00=1.67, whereas for those with early adversity it was 4.08-1.10=2.98. The Wald test 

for additive interaction between these two exposures in the model of psychotic symptoms, 

adjusted for age, gender, urbanicity, and cannabis use, was statistically significant for the 

highest level of exposure to recent adversity (χ2=4.59; p=.032; Table 3).

Repeating the analysis of additive interaction in the whole set of individuals who had 

complete data on early life trauma, later life trauma, and T3 psychotic symptoms (n=2149), 

including those individuals who fulfilled criteria for psychosis liability prior to T3, yielded 

increased significance of the test for additive interaction for the highest level of exposure to 

recent adversity (χ2=8.19; p=.004; adjusted for age, gender, urbanicity, and cannabis use).

The analysis of additive interaction between early and recent adversity in the model of 

psychotic symptoms was not significant for the other, less severe levels of recent adversity 

exposure (R1 and R2; Table 3)

The risk ratios for T3 psychotic impairment in the 8 exposure states are depicted in Table 

4. A significant association was apparent only for the highest level of exposure to recent 

adversity in combination with exposure to early adversity. Thus, the adjusted risk ratio 

for the combined RR(E1R3) exposure category was 6.41, whereas for early adversity alone 

(RR(E1R0)) it was 0.84, and for those exposed to ≥10 recent adverse events alone (RR(E0R3)) 

Ch
ap

te
r 

2 

42



it was 2.87. Considering a risk ratio of 1.00 for the reference exposure category (RR(E0R0)), 

this suggests a departure from independence, as the expected risk ratio for the combined 

RR(E1L3) exposure category in the case of independence would have been 0.84+2.87-

1.00=2.7152, 54, 55. In other words, the effect size of the highest level of recent adversity for 

T3 psychotic impairment in those without early adversity was, on the additive scale, 2.87-

1.00=1.87, whereas for those with early adversity it was 6.41-0.84=5.57. The Wald test for 

additive interaction between these two exposures in the model of psychotic impairment, 

adjusted for age, gender, urbanicity and cannabis use, was suggestive albeit not statistically 

significant at conventional alpha for the highest level of exposure to recent adversity 

(χ2=2.72; p=.099; Table 4).

Repeating the analysis of additive interaction in the whole set of individuals who had 

complete data on early adversity, recent adversity, and T3 psychotic impairment (n=2149), 

including individuals who fulfilled criteria for psychosis liability prior to T3, yielded increased 

precision of the test for additive interaction for the highest level of exposure to recent 

adversity, although not at conventional alpha (χ2=3.35; p=.067; adjusted for age, gender, 

urbanicity, and cannabis use).

The analysis of additive interaction between early and recent adversity in the model of 

psychotic impairment was not suggestive or significant for the other, less severe levels of 

recent adversity exposure (R1 and R2; Table 4).

Discussion

This longitudinal prospective study showed that experiences of early and recent adversity 

were strongly correlated and interacted additively, at the level of severe recent adversity, in 

increasing the risk of psychosis. Although the effect of early adversity on psychotic symptoms 

was – unlike recent adversity – in part reducible to other demographic and risk factors, the 

adjusted association between severe recent adversity and psychotic symptoms was much 

stronger in individuals who were exposed to early adversity compared to those who were 

not. This latter finding was not reducible to urbanicity and cannabis use, other risk factors 

for psychosis2, or reporting bias due to presence of psychotic symptoms or illness42. The 

current study, thus, is suggestive of environment-environment correlation (exposure to 

early adversity increases risk of exposure to recent adversity which in turn increases risk 

for psychotic outcome) and/or environment x environment interaction (exposure to early 
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adversity enhances sensitivity to the psychotogenic effects of recent adversity) within the 

social stress pathogen of psychosis.

Psychosocial stress and psychosis: possible mechanisms and implications
The findings from the current study shed light on the suggested causal role of adversity 

in the pathogenesis of psychosis56, 57, derived from previously observed dose-response 

associations between trauma and psychosis (e.g., Janssen et al.58; Whitfield et al.59). The 

current study extends previous findings that early adversity increases risk of psychosis60-

63 by illustrating the interplay between early and recent adversity in predicting psychotic 

symptoms. In line with these findings is a recent 20-year follow-up study by Galletly and 

colleagues64, who reported that lifetime exposure to multiple adverse events, but not a 

single major trauma in childhood, was associated with increased risk of later psychosis. Non-

additivity between early and recent adversity, however, was not tested. Furthermore, our 

findings are in line with a recent momentary assessment study showing that a history of 

trauma increases psychotic reactivity to later daily-life stress15. This pattern may reflect an 

underlying process of behavioral sensitization, i.e., individuals who are traumatized early in 

life may become ‘sensitized’ to subsequent stressors, reacting progressively more psychotic 

in response to stress6, 15, 65.

The diathesis-stress model of psychosis66-68, which states that psychotic symptoms will emerge 

whenever a threshold of stressors exceeds an individual’s predetermined vulnerability 

level, classically classifies environmental effects as precipitants against a background of 

genetic vulnerability. The current findings, however, imply that early environmental effects 

can also occasion enduring liabilities in which the timing of the stressor determines its 

position in the equation. Therefore, the experience of psychosocial stress early in life may 

also contribute to the diathesis for psychosis by accentuating the vulnerability state19, 69, 

whereas the cumulative impact of stressors occurring later in life may subsequently trigger 

psychotic expression19. The current findings are suggestive of a threshold effect, in that non-

additivity between early and recent adversity in the model of psychotic symptoms was only 

observed at the level of severe recent adversity (≥10 recent adverse events). In addition, 

the strong correlation between early and recent adversity indicates that both environment-

environment correlation (early adversity increases risk for later adversity increasing risk for 

psychosis) and environment-environment interaction (early adversity determines sensitivity 

for the psychotogenic effects of later adversity) may underlie the diathesis. These findings 

may provide, in addition to the issue of methodological inconsistency, a possible explanation 
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for the conflicting results from previous studies on the association between life events and 

psychosis8. Since the current study found an association between recent adversity and 

psychosis to be moderated by early adversity, lack of attention to early life adversity may 

have contributed, in part, to imprecise results. 

Biological plausibility
Biological mechanisms involved in both stress and psychosis are the dopamine  

neurotransmitter system and hypothalamic-pituitary-adrenal (HPA) axis. Both systems are 

involved in the processing of psychosocial stress70-73, and display alterations in psychotic 

patients74-80, giving rise to the notion that they may play an important and possibly 

explanatory role in the stress-pathogenesis of psychosis81. It is suggested that stressful or 

adverse experiences early in life may induce developmental alterations of the HPA-axis 

and dopamine system, resulting in, or accentuating, vulnerabilities in the adult brain82-84. 

In addition, successive or cumulative exposure to stressful or adverse events may increase 

the stress-responsiveness of the HPA-axis and dopamine system through a process of 

sensitization, individuals exposed repeatedly to psychological stress developing progressively 

greater hormonal and neurotransmitter responses over time, finally resulting in lasting 

changes in response amplitude6, 65, 85. There is evidence of reciprocal and augmenting 

dopamine-HPA-axis interactions81. Hyperactivity of the dopamine system, possibly mediated 

by the experience of early life stress86, may enhance HPA-activation to stress, the resulting 

hormonal response, in turn, augmenting dopamine release in the already hyperactive 

dopamine system. Given the proposed mediating role of dopamine in salience attribution87, 

a hyperactive state may cause ‘aberrant salience’ (the assignment of salience to otherwise 

unimportant stimuli), and fuel psychotic experiences. Without confirmation by experimental 

studies investigating the biological mechanisms that underlie the relationship between early 

and later life stress and psychosis, such interpretations remain speculative. With a recent 

explosion of methodologically strong studies underlining a role for stress and adversity in 

the pathogenesis of psychosis60, 62, 63, however, it seems only a matter of time for these data 

to follow.

Strengths and limitations
Strengths of the study are the prospective study design, the relatively large sample size and 

the attention to confounding factors. Limitations are, first, that the data presented in the 

current paper were gathered in a large epidemiological study, therefore instruments and 
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tools used were not refined with regard to the hypotheses under investigation. Second, 

early and later life adverse events were assessed retrospectively, even though the analyses 

relating these factors to the psychosis outcome were prospective. Previous research has 

indicated that recall of experiences that have occurred more than three months ago, 

can yield erroneous memories, most notably when these experiences are adverse or 

traumatic in nature8. Although this would argue against the use of T3 reported death or 

separation from a parent, these events are, due to their strong objective framing within 

the individual’s social surroundings, much less liable to recall bias than, for example, sexual 

abuse or other ‘shame-secret’ traumas88. Furthermore, it cannot be completely excluded 

that the presence of psychosis may lead to an alteration in the recall of adverse experiences. 

However, because we controlled, by exclusion, for the presence of baseline and T2 psychosis 

liability, the results are unlikely attributable to an inverse relationship. Third, we examined 

psychotic symptoms according to the M-CIDI at follow up in a non-clinical sample. Although 

the finding of additive interaction between early and recent adversity did not, in terms of 

statistical significance, extend to the psychotic impairment outcome, a similar distribution 

of risk ratios for the combined exposures to early and recent adversity in the models of 

psychotic impairment and psychotic symptoms suggests this was likely due to a lack of 

statistical power. Symptoms were more prevalent than the combination of symptoms and 

impairment, diagnosable as DSM89 disorder, but nevertheless have been shown to be on the 

same continuum of experiences as more severe, DSM diagnosable, states of psychosis, such 

as schizophrenia90-92. Furthermore, in general population samples, the dimensional nature 

of the largely subsyndromal expression of psychosis is better reflected by the presence of 

symptoms than actual diagnoses. Fourth, at baseline and T2, we used self-reported psychotic 

experiences on the symptom checklist to determine predisposition for psychosis, whereas 

at follow up four years later we used the M-CIDI to determine psychosis outcome. Fifth, 

it must be acknowledged that the baseline lifetime self-reported trauma prevalence rates 

produced by this study could represent an underestimation, because respondents, for a 

variety of possible reasons, could have chosen not to admit to traumatic experience early in 

life. The relatively high adversity rates in our sample, however, do not seem to support this. 

Finally, in spite of the large sample, the cross-tabulations of psychotic experiences, early and 

late adversity exposure and impairment were such that type II results may have ensued.

Ch
ap

te
r 

2 

46



Acknowledgements
This work is further part of the Early Developmental Stages of Psychopathology (EDSP) 

Study, and is supported by the German Federal Ministry of Education and Research (BMBF) 

project no. 01EB9405/6, 01EB9910/6, EB10106200, 01EB0140, and 01EB0440. Part of 

the field work and analyses were also additionally supported by grants of the Deutsche 

Forschungsgemeinschaft (DFG) LA1148/1-1, WI2246/7-1, and WI709/8-1. Prof. dr. Inez 

Myin-Germeys was, furthermore, supported by a 2006 NARSAD Young Investigator Award 

and by the Dutch Medical Research Council (VENI and VIDI grants).

Core staff members of the EDSP group are: Dr. Katja Beesdo, Dr. Petra Zimmermann, Dr. Axel 

Perkonigg, Dr. Michael Höfler, Dr. Tanja Brückl, Dr. Agnes Nocon, Dipl.-Inf. Hildegard Pfister, 

Dipl.-Soz. Barbara Spiegel, Dr. Andrea Schreier. Scientific advisors are Dr. Jules Angst (Zurich), 

Dr. Kathleen Merikangas (NIMH, Bethesda), Dr. Ron Kessler (Harvard, Boston) and Prof. dr. 

Jim van Os (Maastricht).

Declaration of Interest
All authors declare that they have no conflicts of interest.

Ch
ap

te
r 

2 

47



Table 1 | Demographic characteristics of the risk set (n=1722) and non-included individuals (n=1299) at baseline.

Characteristic Risk Set Non-includeda

Age (y; mean (SD)) 18.4 (3.4) 18.1 (3.3)

Gender (n, %)
Male 887 (51.5) 646 (49.7)
Female 835 (48.5) 653 (50.3)

Level of education (n, %)b

Low (mandatory basic school or learning a profession) 175 (10.2) 300 (23.1)
Medium (high school) 491 (28.5) 424 (32.6)
High (university or high school preparing for university) 1056 (61.3) 575 (44.3)

Social status (n, %)c

Lower (lower class; lower middle class) 92 (5.4) 115 (8.9)
Middle (middle middle class) 1006 (58.4) 798 (61.4)
Upper (higher middle class; upper class) 594 (34.5) 356 (27.4)
Other (none of the above or missing values) 30 (1.7) 30 (2.3)

Urbanicity (n, %)d

Rural (surrounding areas of Munich) 521 (30.3) 338 (26.0)
Urban (city of Munich) 1201 (69.7) 961 (74.0)

a Individuals not included in the risk set, including those with psychotic symptoms at T2.
b The participants were asked which level of education they were attending or, in the case of discontinuation, which 

was the highest level they had attended (Munich-CIDI item A3).
c The participants were asked to choose from the specified options the class he or she believed to be in (Munich-

CIDI item A16).
d Obtained through German government population registries. The population density of the Munich surrounding 

areas was 553 persons per square mile, and that of the city 4,061 persons per square mile.
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Table 2 | Risk Ratios of psychotic symptoms and psychotic impairment, depicted for different levels of exposure to 

recent adverse events.

Psychotic symptoms

No recent
adverse
events

No with
psychotic

symptoms (%)

No without
psychotic

symptoms (%)
RR

unadjusted

RR
adjusteda

(95% CI) pa

0-2 14 (5.2) 254 (94.8) 1.00b 1.00b b

3-5 41 (8.3) 453 (91.7) 1.59 1.63 (.89 – 2.99) .113
6-9 43 (8.2) 484 (91.8) 1.56 1.82 (.85 – 2.85) .150
≥10 72 (16.6) 361 (83.4) 3.18 3.18 (1.79 – 5.64) .0001

Psychotic impairment

No recent
adverse
events

No with
psychotic

impairment (%)

No without
psychotic

impairment (%)
RR

unadjusted

RR
adjusteda

(95% CI) pa

0-2 4 (1.5) 264 (98.5) 1.00b 1.00b b

3-5 14 (2.8) 480 (97.2) 1.90 1.65 (.54 – 5.04) .383
6-9 14 (2.7) 513 (97.3) 1.78 1.77 (.59 – 5.33) .309
≥10 31 (7.2) 402 (92.8) 4.80 4.59 (1.62 – 13.00) .004

a Adjusted for age, gender, urbanicity and cannabis use.
b Reference exposure group.

RR = Risk Ratio.

Table 3 | Risk Ratios of psychotic symptoms, according to the 8 exposure states formed by early and recent 

adversity.

Exposure Outcome

Early life
adversity

No recent
adverse
events

No with
psychotic
symptoms 

(%)

No without
psychotic
symptoms 

(%)
RR

unadjusted

RR
adjusteda

(95% CI) pa

E0R0

No

0-2 10 (5.2) 182 (94.8) 1.00b 1.00b b

E0R1 3-5 25 (7.4) 311 (92.6) 1.43 1.58 (.76 – 3.31) .221
E0R2 6-9 31 (9.1) 310 (90.9) 1.75 1.82 (.88 – 3.73) .104
E0R3 ≥10 32 (12.9) 216 (87.1) 2.48 2.67 (1.31 – 5.47) .007

E1R0

Yes

0-2 4 (5.3) 72 (94.7) 1.01 1.10 (.35 – 3.43) .874
E1R1 3-5 16 (10.1) 142 (89.9) 1.94 1.89 (.84 – 4.25) .121
E1R2 6-9 12 (6.5) 174 (93.5) 1.24 1.23 (.52 – 2.89) .639
E1R3 ≥10 40 (21.6) 145 (78.4) 4.15 4.08 (2.02 – 8.24) .0001

Test for additive interaction: (RR(E1R1) - RR(E1R0) - RR(E0R1) + RR(E0R0) = 0): χ2=2.69; p=.101a

(RR(E1R2) - RR(E1R0) - RR(E0R2) + RR(E0R0) = 0): χ2=0.59; p=.443a

(RR(E1R3) - RR(E1R0) - RR(E0R3) + RR(E0R0) = 0): χ2=4.59; p=.032a

a Adjusted for age, gender, urbanicity and cannabis use.
b Reference exposure group.

E = Early life adversity (0=”no”; 1=”yes”); R = Recent adversity (0=“0-2”; 1=“3-4”; 2=“6-9”; 3=“≥10 adverse 

events”); RR = Risk Ratio.
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Table 4 | Risk Ratios of psychotic impairment, according to the 8 exposure states formed by early and recent 

adversity.

Exposure Outcome

Early life
adversity

No recent
adverse
events

No with
psychotic

impairment
(%)

No without
psychotic

impairment
(%)

RR
unadjusted

RR
adjusteda

(95% CI) pa

E0R0

No

0-2 3 (1.6) 189 (98.4) 1.00b 1.00b b

E0R1 3-5 9 (2.7) 327 (97.3) 1.71 1.72 (.47 - 6.25) .413
E0R2 6-9 10 (2.9) 331 (97.1) 1.88 1.86 (.52 - 6.70) .340
E0R3 ≥10 11 (4.4) 237 (95.6) 2.84 2.87 (.81 - 10.21) .104

E1R0

Yes

0-2 1 (1.3) 75 (98.7) 0.84 0.84 (.09 - 7.89) .878
E1R1 3-5 5 (3.2) 153 (96.8) 2.03 1.27 (.26 - 6.24) .769
E1R2 6-9 4 (2.1) 182 (97.9) 1.38 1.40 (.31 - 6.16) .665
E1R3 ≥10 20 (10.8) 165 (89.2) 6.92 6.41 (1.90 - 21.69) .003

Test for additive interaction: (RR(E1R1) - RR(E1R0) - RR(E0R1) + RR(E0R0) = 0): χ2=2.69; p=.508a

(RR(E1R2) - RR(E1R0) - RR(E0R2) + RR(E0R0) = 0): χ2=0.59; p=.492a

(RR(E1R3) - RR(E1R0) - RR(E0R3) + RR(E0R0) = 0): χ2=4.59; p=.099a

a Adjusted for age, gender, urbanicity and cannabis use.
b Reference exposure group.

E = Early life adversity (0=”no”; 1=”yes”); R = Recent adversity (0=“0-2”; 1=“3-4”; 2=“6-9”; 3=“≥10 adverse 

events”); RR = Risk Ratio.
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Abstract

Objective: Rodent studies suggest that prefrontal dopamine neurotransmission plays an 

important role in the neural processing of psychosocial stress. Human studies investigating 

stress-induced changes in dopamine levels, however, have focused solely on striatal 

dopamine transmission. The aim of this study was to investigate in vivo dopamine release in 

the human prefrontal cortex in response to a psychosocial stress challenge, using the highly 

selective dopamine D2/3 PET radioligand [18F]fallypride in healthy subjects.

Method: 12 healthy subjects (39.8 yrs; SD = 15.8) underwent a single dynamic Positron 

Emission Tomography (PET) scanning session after intravenous administration of 185.2 (SD 

= 10.2) MBq [18F]fallypride. Psychosocial stress was initiated at 100 minutes postinjection. 

PET data were analyzed using the linearized simplified reference region model (LSRRM), 

which accounts for time-dependent changes in [18F]fallypride displacement. Voxel-based 

statistical maps, representing specific D2/3 binding changes, were computed to localize areas 

with increased ligand displacement after task initiation, reflecting dopamine release.

Results: The psychosocial stress challenge induced detectable amounts of dopamine release 

throughout the prefrontal cortex, with dopaminergic activity in bilateral ventromedial 

prefrontal cortex being associated with subjectively rated experiences of psychosocial 

stress.

Conclusion: The novel finding that a mild psychosocial stress in humans induces increased 

levels of endogenous dopamine in the PFC indicates that the dynamics of the dopamine-

related stress response cannot be interpreted by focusing on mesolimbic brain regions 

alone.
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Introduction

The experience of psychosocial stress has been linked to dopaminergic neurotransmission, 

both in animals and in humans1, 2, involving both frontocortical and mesolimbic structures3. 

In rodents, exposure to both physical4 and psychosocial5 stress has been associated with an 

increase in extracellular dopamine levels predominantly in prefrontal cortex (PFC), and to a 

lesser extent in mesolimbic areas. Moreover, rodent studies have shown that depletion of 

dopamine in the PFC increases stress-induced dopamine release in the mesolimbic system3, 

6, 7, leading to the hypothesis that prefrontal dopamine transmission attenuates mesolimbic 

dopamine release, thereby controlling for the adverse consequences of stress on the brain. 

The proposed influence of prefrontal dopamine in regulating mesolimbic dopamine release 

under stressful conditions is of clinical interest since disturbance of mesolimbic dopamine 

transmission has been implicated in various stress-related psychopathologies across the 

anxiety8, depression9, 10 and psychosis11 spectra. The attenuating function of the PFC may be 

impaired in these pathologies, a hypothesis that is partly supported by evidence of prefrontal 

dysfunction in posttraumatic stress disorder12, depression10, and schizophrenia13.

In vivo human studies investigating stress-induced changes in dopamine levels are scarce, 

however, and have focused almost exclusively on mesolimbic striatal dopamine transmission1, 

14, 15. Findings from these studies seem to suggest that there is no evidence for stress being 

associated with increased striatal dopamine levels in healthy humans, but that the effects of 

stress on striatal dopamine might be restricted to subjects with psychometric abnormalities. 

However, despite its possible vital role in stress regulation, no single study has, thus far and to 

the best of our knowledge, investigated stress-induced dopamine release in the human PFC. 

This is mainly due to methodological restrictions. All studies, thus far, have investigated the 

dopaminergic stress system using Positron Emission Tomography (PET) with the radioligand 

[11C]raclopride1, 14, 15. The relatively low affinity of [11C]raclopride for D2/3 receptors has limited 

exploration of dopaminergic transmission to brain regions with high D2 receptor density, 

primarily the striatum. Recent development of high affinity D2/3 radioligands, among which 

[18F]fallypride, offers possibilities for exploration of extrastriatal dopamine sites such as the 

prefrontal cortex16-20. Due to the role of the PFC in stress regulation21-23, the question of 

dopamine activity in the PFC under stress is a very pertinent one.

The present study is the first to use the high affinity D2/3 receptor ligand [18F]fallypride 

to examine in vivo dopamine release in the human PFC in response to a psychosocial 

stress challenge developed and used previously by Pruessner et al.1. Given the suggested 
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attenuating function of the PFC, and observations of increased dopamine levels in rodent 

PFC in response to stress4, 5, the experience of psychosocial stress was hypothesized to be 

associated with dopamine release in human PFC, reflected by increased [18F]fallypride ligand 

displacement.

Materials and methods

Subjects
Healthy subjects were recruited through flyers and advertisements in newspapers. Inclusion 

criteria were (i) ages 18-60 years; and (ii) sufficient command of the Dutch language to 

understand instructions and informed consent. Exclusion criteria were (i) intellectual 

impairment; (ii) head trauma with loss of consciousness or central neurological disorder; 

(iii) endocrine disorder; (iv) cardiovascular disorder; (v) present or history of psychiatric 

illness according to the explicit diagnostic criteria of the DSM-IV-TR24, generated with the 

OPCRIT computer program25; (vi) current use of psychotropic medication; (vii) current or 

previous use of illicit drugs; (viii) use of alcohol in excess of five standard units per day; (ix) 

presence of metal elements in the body; (x) previous experience of claustrophobia; and 

(xi) pregnancy or lactation (women only). The study was approved by the standing medical 

ethics committee; subjects signed informed consent after complete description of the study. 

Drug and medication use were assessed at the day of scanning by urinalysis (MultiTest © 

1990-2010 SureScreen Diagnostics Ltd.) in order to ensure that subjects were drug free at 

the moment of scanning. In addition, pregnancy tests (Clearblue © 2008 Swiss Precision 

Diagnostics) were carried out in female subjects, in order to exclude pregnancy at the 

moment of scanning.

Psychosocial stress task
Psychosocial stress was induced in the PET-scanner using the Montreal Imaging Stress 

Task (MIST), the psychosocial stress paradigm developed by Pruessner and colleagues (see 

Pruessner et al.1 and Dedovic et al.26 for a detailed description of the task). The experiment 

consisted of a control and stress condition, administered consecutively during a single-day 

PET scan protocol. In the control condition, subjects performed 6 minute blocks of mental 

arithmetic on a computer screen with no time constraints or performance feedback, 
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resulting in an average performance of 90% correct responses. In the stress condition, 

subjects performed similar mental arithmetic as in the control condition, with the addition 

of information about the total number of errors, expected average number of errors, time 

spent on the current problem, and performance feedback (correct, incorrect, timeout), 

displayed on the computer screen. In addition, a time constraint, slightly below the time 

needed according to the subject’s ability, was set for solving each problem. The constraint 

was automatically adjusted by the computer algorithm for each individual subject, based 

on the average time needed to solve a problem during a practice session before start of the 

PET scan. Moreover, a tone rising in frequency indicated the remaining time for the subject 

to solve each problem.

Subjects were informed that an average performance of 80–90% correct answers was 

expected. However, due to the manipulation of the time constraint, subjects achieved, on 

average, only 20–30% correct answers. In addition, psychosocial stress was induced through 

negative verbal feedback from a confederate investigator, who commented upon subjects’ 

performance and emphasized that they needed to achieve at least minimal performance 

requirements. An extensive debriefing session took place at the end of the experiment, 

in which subjects were told that the task was specifically designed to be out of reach of 

their mental capacity, and that in reality it did not assess their ability to perform mental 

arithmetic.

Behavioral measures and analysis
Subjective perceptions of stress were assessed every 12 minutes, with six stress-related 

items, rated on 7-point Likert scales (rating from not at all [=1] to very [=7]), adapted from 

Experience Sampling Methodology (ESM)27, 28. Items were presented on the same computer 

screen that was used for the psychosocial stress task, and subjects responded by selecting 

a number with a computer mouse. All scores were recoded such that an increase in scores 

corresponded to increased feelings of stress. Averages of the (recoded) scores on the items 

“I feel relaxed”, “I’m in control”, “I feel pressured”, “I feel comfortable among these people”, 

“I feel judged by these people”, and “I do not live up to expectations” constituted the 

subjective stress scale (Cronbach’s alpha = .81).

In order to investigate whether the stress-task induced stress at the behavioral level, a 

one-sided, paired t-test was performed, comparing average scores on the subjective stress 

scale between the control and stress conditions of the MIST. In addition, linear regression 

analysis was used to investigate associations between task-induced changes in subjective 
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perceptions of stress and task-induced changes in [18F]fallypride ligand displacement. All 

significance tests were performed in STATA release 10.0 (© 1985-2007 StataCorp. LP).

Cortisol sampling and analysis
Five milliliter blood samples were drawn from each subject into free-anticoagulant vacuum 

tubes. Blood samples were taken every 10 to 12 minutes during the scan, resulting in a total 

number of 12 samples. Immediately after the experiment was completed, blood samples 

were delivered to the laboratory for assaying. Intra-assay and inter-assay variability were 

≤5,8% and ≤9,2%, respectively. The area under the curve (AUC; cortisol in nanomoles per 

liter by time in minutes) was computed with the trapezoid formula as described by Pruessner 

and colleagues29.

A one-sided, paired t-test was performed to compare the AUC of cortisol between the control 

and stress condition of the MIST. In addition, linear regression analysis was performed 

to investigate whether task-induced changes in cortisol levels were associated with task-

induced changes in subjective perceptions of stress.

Radiotracer preparation
The fluorinated substituted benzamide [18F]fallypride30 is a high affinity dopamine D2/3 

receptor antagonist radiotracer previously used to visualize and estimate both striatal and 

extrastriatal dopamine levels18, 30. The precursor for tracer synthesis was obtained from 

ABX (Radeberg, Germany) and labeling was performed on-site using a Raytest Synchrom 

R&D synthesis module (Raytest, Straubenhardt, Germany). The final product was obtained 

after reverse-phase high performance liquid chromatographic (HPLC) purification using a 

Waters XTerraTM RP18 5 µm 7.8 mm x 150 mm column and sodium acetate 0.05M pH5.5 / 

Ethanol 70:30 V/V as mobile phase at a flow rate of 1.5 ml/min. The [18F]fallypride eluted 

after 18 minutes. The collected peak (2 ml) was diluted with 8 ml of NaCl 0.9% and sterile 

filtered over a Millipore Cathivex-GS 0.22 µm filter. The final product of the radioligand was 

administered as a sterile solution of 7 mM sodium acetate buffer pH 5.5, 0.72% NaCl 0.72% 

and 6% ethanol. The specific activity at the time of injection was ≥ 37 GBq/μmol (1000 Ci/

mmol), and radiochemical purity was > 95%.

PET acquisition
In order to minimize interference of task-induced stress and PET procedure-induced stress, 

the catheter used for ligand injection and blood sampling was placed 3 hours before the 
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actual experiment took place. For the same reason, subjects were familiarized with the 

test setup and briefly placed in the scanner 3 hours before the actual scan to complete 

the practice session of the psychosocial stress task. An example of the psychosocial stress 

task was presented on the computer screen and the positions of the mouse and computer 

monitor were adjusted for comfortable viewing (outside the field of view of the scanner). 

After completing the practice session (duration approximately 5 minutes), subjects were 

removed from the scanner, awaiting the actual PET experiment, taking place approximately 

3 hours later.

For the actual experimental PET session, subjects were again installed on the scanner bed 

with their head fixated using a vacuum pillow and foam inserts. If needed, the positions of 

the mouse and computer monitor were once more adjusted to allow for optimal comfort. 

Subjects received 185.2 (SD = 10.2) MBq of [18F]fallypride in a slow intravenous bolus injection 

through a catheter in the left or right antecubital vein, depending on subject handedness. 

Simultaneously upon radiotracer injection, dynamic emission scans were initiated in three-

dimensional mode using a HiRez Biograph 16 PET/CT camera (Siemens Medical Solutions, 

Inc.). Data were obtained in 60 second frames during the first 6 minutes and in 120 second 

frames thereafter.

PET emission was performed conform the one-day PET imaging protocol for [18F]fallypride 

described and used previously by Christian and colleagues17. Emission data were collected 

in two segments, one during the control condition and one during the stress condition 

of the MIST psychosocial stress task. Given the use of an “activation” parameter in the 

kinetic model used for analyses (Alpert et al.31; discussed below), representing presence or 

absence of additional dopamine release, and the hypothesis of stress being associated with 

increased dopaminergic activity, the stress condition of the MIST was always presented after 

the control condition. 

The first PET segment, with a duration of 70 minutes, thus represented the [18F]fallypride 

kinetics during the control condition, in which subjects performed 6 minute blocks of mental 

arithmetic without time constraints or performance feedback. The control session was 

followed by a brief break period of 10 minutes, after which subjects were, if necessary, 

repositioned on the scanner bed and the second PET emission data were collected for 

another 86 minutes in total. In order to ensure that “activation” (i.e., presence or absence 

of additional dopamine release, reflected by changes in ligand displacement) was not a 

result of repositioning or the simple act of getting up from the scanner for a break in the 

experiment, no task was presented during the first 20 minutes of this second emission scan. 
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This, additionally, minimized risk of carry-over effects from the control condition into the 

stress condition, and maximized psychological impact of the stressor.

At 100 minutes postinjection, the psychosocial stress task was initiated and performed for 

the remaining 66 minutes of dynamic imaging. Cortisol sampling took place every 12 minutes 

during control and stress conditions, simultaneously with assessment of subjective ratings 

of stress. To correct for attenuation, a low-dose (80 kV tube potential, 11 mA·s) CT scan 

without contrast agent was conducted at the beginning of each PET segment (immediately 

before tracer injection and at 80 minutes postinjection) and at the end of emission scan.

Images were reconstructed using a 3D OSEM (ordered-subset expectation maximization) 

iterative reconstruction including model-based scatter as well as attenuation correction 

based on a measured attenuation map acquired by the CT, with a final spatial resolution of 4 

mm. Additionally, in order to exclude structural brain abnormalities and perform anatomical 

coregistration, all subjects received a volumetric T1-weighted and standard transverse 

T2 brain magnetic resonance image (MRI; 1.5 Tesla Vision Scanner, Siemens, Germany). 

Parameters for the T1 3D Magnetization Prepared Rapid Acquisition Gradient Echo sequence 

were: TR=0 ms, TE=4 ms, flip angle=12°, inversion time=300 ms, matrix 256×256, 160 sagittal 

contiguous slices of 1 mm.

To guarantee the consistency of [18F]fallypride metabolism among scans and to minimize 

potential changes in dopamine or cortisol levels, all subjects fasted 2 hours prior to 

radiotracer injection and abstained from nicotine, medication, and alcohol- or caffeine-

containing drinks on the day of scanning. All PET acquisitions were conducted at the same 

time of day (14:30 ±00:30) in order to keep diurnal patterns of cortisol comparable for all 

subjects.

PET data reduction and statistical analysis 
For each subject, brain reconstructed PET data were transferred in DICOM (Digital Imaging 

and Communications in Medicine) and converted to Analyze using PMOD software v. 2.95 

(PMOD Inc., Zürich, Switzerland). To minimize effects of head movement during the scan, all 

[18F]fallypride frames for each PET scan were realigned, coregistered to the subject´s MRI and 

then spatially normalized to a specific T1-weighted template constructed in MNI (Montreal 

Neurological Institute) stereotaxic space using SPM8 (Statistical Parametric Mapping, The 

Wellcome Department of Cognitive Neurology, London, UK). To increase signal to noise 

ratio, the normalized images were then smoothed with a 3D gaussian filter (4-mm full width 

at half maximum) before applying the kinetic model.
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For each subject, volume-of-interest (VOI) analysis was performed by estimating the kinetic 

parameters using the LSRRM kinetic model (discussed below) and the PET time-activity 

curves (TACs) for all VOIs. The cerebellum was used as a reference region for [18F]fallypride, 

representing a cerebral area with a paucity of dopamine D2/3 receptors32. For each subject, 

two binary masks were created based on the corresponding normalized MRI, using an 

inhouse created set of VOIs, defined according to prefrontal Brodmann areas (BA) with the 

aid of the Talairach atlas33. One binary mask image was designed to include all brain regions 

of interest (BA9/BA46=dorsolateral prefrontal cortex; BA10=ventromedial prefrontal cortex; 

BA11=medial orbitofrontal cortex; BA24=ventral anterior cingulate cortex; BA32=dorsal 

anterior cingulate cortex; BA44=inferior frontal gyrus, pars opercularis; BA45=inferior frontal 

gyrus, pars triangularis; BA47=inferior frontal gyrus, pars orbitalis), and a second mask was 

drawn only on the cerebellum.

The kinetic model
Conform previous work16, 17, 31, estimation of kinetic parameters was performed by applying 

the linearized simplified reference region model (LSRRM)31, an extension of the simplified 

reference region model (SRRM)34, 35, modified to include time-dependent parameters and 

linearized for all estimated parameters36. A detailed description of the LSRRM kinetic model 

can be found in earlier publications17, 31. As previously described16, 17, 31, the LSRRM takes 

into account temporal perturbations in ligand specific binding by assuming that the steady 

physiological state is not maintained, making it suitable for assessing task-related ligand 

displacement in an experimental design that involves a change of task condition from 

control to a dopamine activation paradigm during one single scan session. The LSRRM 

therefore allows the dissociation rate of ligand from the receptor, k2a, to change through 

the paradigm in response to fluctuating levels of dopamine (k2a=k2/[1+BPND]), where k2 is the 

tissue to plasma efflux constant in the tissue region and BPND is the nondisplaceable binding 

potential37. Changes in BPND in activation studies are usually assumed to reflect changes in 

the concentration of available neuroreceptor sites (Bavail), and a decrease in BPND is assumed 

to reflect increased dopamine release. The temporal change of k2a (via a change in BPND) is 

obtained by introducing the additional term γ·h(t), where γ represents the amplitude of 

the ligand displacement and the function h(t) describes a rapid change following task onset 

and dissipation over time. The exponential decay function h(t)=exp[−τ(t−T)] accounts for 

temporal variation in the model parameters, where τ controls the rate at which activation 

effects die away (set to τ=0.03 min-1, conform Christian et al.)17 and T indicates the task 

Ch
ap

te
r 

3 

68



initiation time (T=100 minutes postinjection). It follows that, through linearization of the 

simplified reference region model (SRRM), an increased k2a reflected in a decreased BPND for 

dopamine receptors, due to increased dopamine release, would result in a positive value of γ. 

The LSSRM model uses weighted linear least squares analysis for parameter estimation31.

Main analysis 
For the voxel-based analysis, the same binary mask image used for VOI analysis was applied, 

including only prefrontal regions (BA9; BA10; BA11; BA24; BA32; BA44; BA45; BA46; 

BA47, resp.) to limit the volume for calculation of the parametric images. A voxel-wise t-

statistic map was computed to localize those areas for which the time varying parameter, 

γ, yielded a significant improvement in the model (i.e., rejection of the null hypothesis; 

Christian et al.17; Alpert et al.31), representing increased dopamine release after initiation 

of the stress condition. These statistic t-maps were generated as t = γ/sd(γ), the standard 

deviation parametric image of γ being created based on the estimated covariance matrix17, 

31. The false discovery rate (FDR)38 correction was utilized to control statistical significance 

thresholds in the context of multiple (n=28832) comparisons at the voxel level39, interpreting 

ordered p(i)-values within the FDR-constraint of p(i) ≤ 0.05i/28832. In order to identify the 

spatial extent of the neuromodulation, the number of voxels satisfying the FDR-constraint 

(hereafter: exceeding the FDR corrected significance threshold of p(α(FDR)=5%) ≤ 0.05) was 

determined for each volume of interest. Finally, conform previous work17, linear regression 

analysis was performed in order to identify those brain regions for which the spatial extent 

of task-induced dopamine release was predictive for task-induced increases in scores on 

the subjective stress scale and cortisol levels. All analyses were a priori corrected for age, 

gender, nicotine use (continuous: number of cigarettes / day), and alcohol consumption 

(continuous: grams of alcohol / week).

Results

Subject characteristics
The sample consisted of 13 healthy subjects. One subject was excluded from analyses because 

of excessive movement during the scan, yielding uncorrectable movement artifacts in the 

functional imaging data. Sociodemographic characteristics of the 12 remaining subjects, 
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and alcohol consumption, nicotine use, and contraceptive-, and psychotropic medication 

use are summarized in Table 1.

Behavioral and cortisol stress measures 
For one subject, data on the subjective stress scale were missing due to a technical (i.e., 

computer) failure. Consequently, behavioral analyses were performed in the remaining 

sample of 11 subjects.

The stress condition was experienced as significantly more stressful compared to the control 

condition, reflected by higher scores on the subjective stress scale (Meancontrol=2.97(SD=.

49); Meanstress=4.21(SD=.93); t(df=10)=5.03; p=.0003). Task-induced changes in scores on the 

subjective stress scale were not associated with age (Adjusted R2
(df=10)=-.03; β=-.02; p=.416), 

gender (Adjusted R2
(df=10)=-.10; β=.22; p=.769), nicotine use (Adjusted R2

(df=10)=-.02; β=.02; 

p=.399), or alcohol consumption (Adjusted R2
(df=10)=-.003; β=.06; p=.350).

Overall cortisol concentrations were not associated with age (Adjusted R2
(df=11)=.14; β=.06; 

p=.129), gender (Adjusted R2
(df=11)=-.07; β=-.33; p=.614), nicotine use (Adjusted R2

(df=11)=-.05; 

β=-.04; p=.515), or alcohol consumption (Adjusted R2
(df=11)=-.01; β=.05; p=.367). One subject 

displayed very high mean AUC cortisol throughout the experiment (610.4 (nmol/l)/min) 

and was excluded from AUC cortisol analyses based on Grubbs’ test for outliers40 (Z12=3.04; 

Zcritical (α = 5%) = 2.41). Analysis on data from the remaining subjects revealed a significant 

difference between the AUC ((nmol/l)min) of cortisol between the stress and the control 

condition (Meancontrol=221.6(SD=45.0); Meanstress=279.3(SD=76.4); t(df=10)=1.89; p=.04), with 

higher levels of AUC cortisol during the stress condition. 

Linear regression analysis revealed a significant association between task-induced changes 

in AUC cortisol and task-induced changes in scores on the subjective stress scale (Adjusted 

R2
(df=9)=.57; β=.007; p=.031; corrected for age, gender, nicotine use, and alcohol consumption), 

higher cortisol levels being associated with increased feelings of subjectively experienced 

stress. This association remained significant with inclusion of the outlying subject in the 

analysis (Adjusted R2
(df=10)=.62; β=.006; p=.016; corrected for age, gender, nicotine use, and 

alcohol consumption).

In vivo dopamine release in response to the psychosocial stress condition
The psychosocial stress task induced detectable amounts of [18F]fallypride ligand displacement 

throughout the prefrontal cortex (see Figure 1). Age, gender, alcohol consumption, and 

nicotine use were not associated with task-induced ligand displacement in any of the 
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prefrontal regions of interest.

Linear regression analysis, corrected for age, gender, nicotine use, and alcohol consumption, 

revealed significant associations between task-induced changes in ligand displacement – 

quantified as the number of voxels within a region, exceeding the FDR corrected significance 

threshold of p(α(FDR)=5%) ≤ 0.05 – and task-induced changes in scores on the subjective stress 

scale for the left (Adjusted R2
(df=9)=.94; β=.03; p=.002) and right (Adjusted R2

(df=9)=.95; β=.04; 

p=.001) ventromedial prefrontal cortex (vmPFC; BA10; see Table 2; significance interpreted 

in light of the Simes-Hochberg correction for multiple comparisons)41, 42. More ligand 

displacement in these prefrontal brain regions was associated with increased feelings of 

subjectively experienced stress (see Table 3; Figure 2; one subject not included in regression 

due to missing data on subjective stress scale during stress condition; another subject was 

identified as an outlier based on Cook’s distance test for influential cases43 (Di(threshold)=4/[n-k-

1]) and was excluded from regression analyses).

For illustrative purposes, following Christian et al.17, Figure 3 shows an example of a dynamic 

PET time-activity curve obtained from the volume of interest drawn on the left vmPFC of 

one subject, for which model fit improved with inclusion of the γ parameter.

No significant associations were found between task-induced ligand displacement and task-

induced changes in AUC cortisol levels for any of the prefrontal regions of interest (corrected 

for age, gender, alcohol consumption, and nicotine use; significance interpreted in light of 

the Simes-Hochberg correction for multiple comparisons)41, 42.

Discussion

The results of this study indicate that the Montreal Imaging Stress Task (MIST) induces 

detectable amounts of dopamine release throughout the prefrontal cortex, with dopaminergic 

activity in bilateral ventromedial prefrontal cortex being associated with subjectively rated 

experiences of psychosocial stress. Furthermore, as expected from previous findings1, 

the MIST stress paradigm resulted in significant increases in cortisol secretion. Although 

animal studies3-5, and Functional Magnetic Resonance Imaging (fMRI) studies in humans21-

23, 44, 45 have repeatedly implicated a role for PFC neurons in stress regulation, this is, to our 

knowledge, the first in vivo human imaging study showing prefrontal dopamine release in 

response to a psychosocial stressor. 
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Stress-induced dopamine release in the ventromedial prefrontal cortex
The current findings suggest a direct involvement of vmPFC dopamine in the human 

stress response, given that dopaminergic activity in this region was highly correlated with 

subjective ratings of stress. The vmPFC is strongly connected to the amygdala, ventral 

striatum, and hypothalamus46-51, and is suggested to be involved in emotion regulation52, 

impulse control53, self-control54, and fear extinction55. The infralimbic prefrontal cortex, 

considered the rat homologue of the human vmPFC56, inhibits fear responses in rats when 

stimulated57. Furthermore, the loss of top-down control by the vmPFC is implicated in mood 

and anxiety disorders12, 46, 58, 59, supporting a role for the vmPFC as emotion control center. 

Although projections from the vmPFC to subcortical structures are largely glutamatergic46-51, 

there is substantial evidence of dopamine-glutamate interactions in the PFC60-63. Although 

the current study provides evidence for vmPFC dopamine activity constituting part of the 

neurochemical response to stress, the exact neural mechanisms involved in the human stress 

response and the role of possible neurotransmitter interactions herein remain unclear.

The role of the PFC in the stress response: possible mechanisms
Due to a scarcity of in vivo human studies investigating stress-induced changes in prefrontal 

dopamine levels, little is known about the role of prefrontal dopamine in the regulation of 

stress in humans, thus far. Rodent studies have indicated that depletion of dopamine in the 

PFC increases stress-induced dopamine release in the mesolimbic system3, 6, 7. This has led to 

the hypothesis that prefrontal dopamine transmission attenuates stress-induced mesolimbic 

dopamine release. As suggested by Pascucci et al.64, the prefrontal dopamine system may 

not only constrain, but also determine mesolimbic dopamine activity in response to stress. 

A possible function of this mechanism could be to protect the organism for the adverse 

consequences of stress on the brain. This is supported by the observation that stress-related 

psychopathologies are associated with disturbed mesolimbic dopamine transmission8-11 and 

prefrontal dysfunctions10, 12, 13. Our finding that healthy subjects respond to a mild psychosocial 

stressor with increased levels of endogenous dopamine in the PFC, whereas a similar stressor 

in previous studies did not necessarily induce dopamine release in mesolimbic brain regions1, 

14, 15, supports the hypothesis that the organism may benefit from such a stress-reducing 

mechanism, with a suggested attenuating role of the prefrontal dopamine system, in line with 

reports of medial prefrontal cortex damage being associated with heightened self-reported 

stress responses to the Trier Social Stress Test65. It appears unlikely, however, that a loss of 

control of the PFC dopamine system over subcortical dopaminergic neurotransmission can 
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solely and exclusively explain the diverse range of affective, psychotic and neurotic symptoms 

observed across the spectrum of stress-pathology, particularly given the broad variety and, 

to some extent, paradoxality of dopamine anomalies observed across various stress-related 

disorders8, 9, 12, 66, 67. Rather, a range of complex and diverse neural (patho)dynamics, involving 

multiple interacting neurotransmitter systems8, 12, 63, 66, 68-71 that are functionally shaped by 

unique genetic, neurodevelopmental and social environmental factors, direct the individual 

towards a specific behavioral phenotype. Although impaired attenuation of mesolimbic 

dopamine by the PFC dopamine system may represent one important stress-vulnerability 

mechanism, future imaging studies are challenged with the daunting task of unraveling the 

neurochemical dynamics of stress processing in healthy humans and psychopathological 

populations that are characterized by disturbances in stress regulation.

Strengths and limitations
The findings reported in this study result from significant advances made in the field 

of neuroimaging and show, for the first time, human in vivo PFC dopamine release in 

response to a psychological stressor. The development of highly selective dopamine D2/3 PET 

radioligands such as [18F]fallypride opens up avenues for the investigation of extrastriatal 

dopamine neurotransmission, and the current study is the first to successfully implement 

this technology in stress research. Further strengths of the study lie in the use of a laboratory 

stressor that attempts to emulate real-world social interactions and succeeds in eliciting 

stress not only at a physiological level, but also at the level of subjective experience. Some 

limitations require consideration. First, the study design did not permit simultaneous and 

additional investigation of subcortical dopamine release. Subcortical dopamine regions, 

primarily striatal areas, are relatively high in dopamine D2/3 receptor density and require, 

for that reason, a longer scan duration in order to reach a similar proportion of receptors 

to be occupied by the dopamine-competing ligand fallypride than is the case in low density 

dopamine D2/3 regions such as the PFC72. Consequently, assessing dopamine transmission 

simultaneously in two regions that differ in terms of receptor density is not feasible, since the 

timing of task-initiation has to be adjusted for each region in such a way that the proportional 

distribution of radioligand is optimized, i.e., regions which are low in dopamine D2/3 receptor 

density would require earlier onset of task initiation than regions with higher dopamine D2/3 

receptor density. A compromising solution, with intermittent task initiation timing will, at best, 

result in overestimation of dopamine release in relatively low dopamine D2/3 receptor dense 

structures and underestimation of dopamine release in relatively high D2/3 receptor dense 
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structures17. Second, although application of the LSRRM has several practical advantages, 

such as the requirement for only one single radiochemical synthesis and administration 

and avoidance of session effects, practical implementation of the model implies that time-

dependent alterations in regional cerebral blood flow (rCBF) are not fully accounted for. 

However, as argued by Christian et al.17, using a single injection protocol in combination with 

the in vivo kinetics of fallypride minimizes the possible confounds of changing rCBF under 

psychological task paradigm conditions. Third, no performance measure was implemented 

in the psychosocial stress paradigm. We can, therefore, not ascertain that the findings are 

not confounded by variations in task performance. However, as argued by Pruessner et 

al.1, controlling for task performance would be redundant, since manipulation of the time 

constraint yields an average proportion of 20-30% correct answers in the stress condition 

for each individual subject. Furthermore, the strong correlation between subjectively 

experienced feelings of stress and fallypride ligand displacement in ventromedial PFC in 

the current study suggests that neural activity in this region is unlikely to be related purely 

to cognition. Fourth, consequential to the one-day scanning protocol utilized in the current 

study, the stress and control conditions of the MIST were consistently administered in the 

same sequence, i.e., the control condition preceded the stress condition for each subject. 

This increases risk of carry-over effects from the control condition into the stress condition. 

Although it was attempted to minimize these effects by separating the two conditions by a 

baseline condition, it cannot be ascertained that the outcome measures were not affected 

by carry-over effects. However, a two-scan protocol, with counterbalanced administration 

of stress and control conditions, would have meant that the extensive and important 

debriefing session, in which subjects were told that the task was specifically designed to 

be out of reach of their mental capacity, and that it did not assess their ability to perform 

mental arithmetic, could only take place after the second scan, which was considered to be 

ethically problematic. Furthermore, a one-day scan protocol has an advantage in avoiding 

session effects. Fifth, the actual scanning procedure might have been perceived as stressful, 

possibly interfering with the task-specific stress measures. The amount of interference was 

minimized by placing the catheter used for ligand injection and blood sampling 3 hours 

before the actual experiment took place. For the same reason, subjects were familiarized 

with the test setup and placed in the scanner 3 hours before the actual scan. Sixth, although 

unobserved heterogeneity is particularly important in non-linear regression analysis – unlike 

in linear regression models as utilized in the current study – the possibility of unobserved 

heterogeneity (e.g., due to unmeasured, yet outcome-relevant variations among subjects) 
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may have biased results and calls for careful interpretation and replication of the current 

findings. Finally, it should be noted that our results do not imply causality and the specific 

function of each brain region in the human stress response remains an important subject 

for further investigation.
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Table 1 | Subject characteristics.

Characteristic (n = 12)

Age (y; mean (SD))
39.8 (15.8)

ranges 23-60

Gender (n, %)
Male 8 (67)
Female 4 (33)

Level of education (n, %)a

Secondary education 1 (8)
Bachelor degree 7 (58)
Master degree 4 (33)

Work situation (n, %)a

Household 0
School/education 2 (17)
Regular job (fulltime) 6 (50)
Regular job (parttime) 2 (17)
Other activities 2 (17)

Marital status (n, %)

Married or cohabitating 6 (50)
Divorced 1 (8)
Never married 5 (42)

Nicotine use (cigarettes/day; n, %)a

0 10 (83)
1-10 1 (8)
10-20 1 (8)

Alcohol consumption (grams/weekb; n, %)
0-50 6 (50)
50-100 2 (17)
100-150 4 (33)

Contraceptive use (n, %)
Yes 0
No 12 (100)

Medication use (n, %)
Yes 3 (25)c

No 9 (75)
a Percentages do not total 100 because of rounding.
b Standard drink / unit size in the Netherlands contains 9.9 grams of ethanol.
c Three subjects sporadically used acetaminophen (paracetamol) to relieve headaches.

All subjects abstained from nicotine, alcohol and medication use on the day of scanning.
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Table 2 | Associations between task-induced dopamine release, quantified as the number of voxels showing 

significant ligand displacement within each activated region, and task-induced changes in scores on the subjective 

stres scale.

No of voxels with significanta task-

induced ligand displacement

Association with task-induced changes in scores on 

the subjective stress scale 

Brodmann area Mean, n (%)b SD Adjusted R2 β p

BA9L 619 (36) 378 0.67 0.03 0.048
BA9R 704 (41) 377 0.78 0.03 0.020

BA10L 1319 (50) 580 0.94 0.03 0.002c

BA10R 1365 (53) 567 0.95 0.04 0.001c

BA11L 794 (41) 387 0.23 -0.03 0.355
BA11R 763 (40) 439 0.16 -0.01 0.460

BA24L 437 (45) 223 0.42 0.02 0.174
BA24R 398 (41) 194 0.67 0.03 0.049

BA32L 566 (60) 198 0.44 0.02 0.160
BA32R 590 (58) 203 0.90 0.04 0.004

BA44L 257 (25) 175 0.47 0.04 0.140
BA44R 336 (32) 242 0.24 0.02 0.335

BA45L 117 (38) 77 0.34 0.02 0.235
BA45R 113 (48) 57 0.58 0.02 0.082

BA46L 782 (46) 425 0.57 0.03 0.092
BA46R 858 (49) 420 0.77 0.03 0.022

BA47L 337 (26) 259 0.57 0.02 0.085
BA47R 315 (26) 230 0.75 0.04 0.027

a Exceeding significance threshold of p(α(FDR)=5%) ≤ 0.05.
b Percentages reflect the number of significant voxels relative to the total number of voxels within the mask of the 

respective brain region.
c Exceeding significance threshold of p(corrected) ≤ 0.05 according to Simes-Hochberg correction for multiple 

comparisons.

BA9 & BA46=dorsolateral prefrontal cortex; BA10=ventromedial prefrontal cortex; BA11=medial orbitofrontal 

cortex; BA24=ventral anterior cingulate cortex; BA32=dorsal anterior cingulate cortex; BA44=inferior frontal gyrus, 

pars opercularis; BA45=inferior frontal gyrus, pars triangularis; BA47=inferior frontal gyrus, pars orbitalis.

R=right; L=left. Mask used for analysis contained an average total volume of 28832 voxels.
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Table 3 | Stress-induced dopamine displacement of [18F]fallypride in left and right ventromedial prefrontal 

cortex (BA10; see also Figure 2).

No of voxels with significanta

task-induced ligand displacement

Subject

Left ventromedial

prefrontal cortex (BA10L)b

Right ventromedial

prefrontal cortex (BA10R)c

Task-induced changes in scores 

on the subjective stress scale

#1 1522 1531 0.98
#2 1213 1080 0.54
#3 1155 1560 1.70
#4d 976 970 2.82
#5 1862 1776 1.75
#6 1160 1455 0.71
#7 2343 2404 2.08
#8 1547 1737 1.11
#9 1137 1585 0.62

#10 529 456 0.26
#11 385 345 0.04

#12e 2101 1547 -
a Exceeding significance threshold of p(α(FDR)=5%) ≤ 0.05.
b Left vmPFC mask contained an average volume of 2638 voxels.
c Right vmPFC mask contained an average volume of 2576 voxels.
d Subject was identified as outlier based on Cook’s distance test for influential cases and excluded from 

regression analyses.
e Subject not included in regression analyses due to missing data on stress scale during stress condition.
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Figure 1 | Mean statistical parametric t-map of γ in coronal (a), sagittal (b), and transverse (c) sections overlaid 

on a T1-weighted MRI template, showing task-induced [18F]fallypride ligand displacement throughout prefrontal 

cortex in response to the psychosocial stress task. Image is thresholded for visualization purposes.
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Figure 2 | Significant associations between task-induced feelings of subjective stress and task-induced ligand 

displacement in left (l) and right (r) ventromedial prefrontal cortex (vmPFC), increased feelings of subjective stress 

being associated with increased ligand displacement.

 

Figure 3 | Top row – example of PET dynamic data from one of the subjects scanned, black dots () representing 

data taken from the volume of interest drawn on the ventromedial prefrontal cortex and () symbol representing 

data from the cerebellar reference region. Model fit to the data is represented by the solid line. Stress condition 

was initiated at T=100 min.

Bottom row – normalized residuals of the model fit with the γ parameter (+) and with γ fixed to zero (¡). The 

graph illustrates the improvement in the quality of the model fit for this particular volume of interest when γ is 

included.
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Abstract

Objective: Patients diagnosed with a psychotic disorder and their first-degree relatives 

display increased reactivity to stress. Theory predicts that experience of psychosocial stress is 

associated both with ventromedial prefrontal and mesolimbic dopamine neurotransmission. 

However, while there is evidence of aberrant striatal dopamine processing in psychotic 

disorder, the role of the prefrontal cortex remains under-researched. The aim of the current 

study was to investigate in vivo dopamine release in ventromedial prefrontal cortex (vmPFC) 

of individuals at familial risk for psychosis in response to psychosocial stress.

Method: 14 healthy first-degree relatives of patients with a diagnosis of psychotic disorder 

and 10 control subjects underwent a single dynamic PET scanning session after intravenous 

administration of 183.2 (SD = 7.6) MBq [18F]fallypride. Psychosocial stress was initiated at 

100 minutes postinjection. PET data were analyzed using the linearized simplified reference 

region model, which accounts for time-dependent changes in [18F]fallypride displacement. 

Voxel-based statistical maps were computed to localize areas with increased ligand 

displacement after task initiation, reflecting dopamine release. Finally, regression analyses 

were performed to compare the amount of task-related ligand displacement between 

control subjects and relatives, and how it related to self-rated experiences of psychosocial 

stress and psychosis.

Results: First-degree relatives displayed altered (i.e., hyporeactive) dopamine signaling in 

the vmPFC in response to stress. Furthermore, hyporeactivity of the vmPFC dopamine stress 

system was accompanied by increased psychotic reactions to stress.

Conclusion: Although previous studies have hypothesized a role for prefrontal dopamine 

dysfunction in psychosis, this study, to our knowledge, is the first in vivo human imaging 

study showing that psychotic reactivity to stress in individuals with familial risk for psychosis 

is associated with altered (i.e., hyporeactive) dopamine stress processing in vmPFC.
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Introduction

Patients diagnosed with a psychotic disorder, as well as their unaffected first-degree relatives, 

display increased reactivity to stress, responding to minor daily stressors with increased 

intensity of psychotic experiences1. Given the suggested involvement of dopaminergic 

neurotransmission in the human stress response2-4, and the central role for dopamine 

dysfunction in patients with a psychotic disorder (see Howes and Kapur5 for review of the 

literature), observations of increased stress reactivity in psychosis-prone individuals may 

represent a functional state of underlying anomalies in dopamine stress signaling6. In vivo 

human imaging studies investigating stress-induced changes in dopamine levels are scarce, 

however, and do not include assessment of the context of psychosis3, 7, 8. Moreover, although 

the experience of psychosocial stress is suggested to involve both frontocortical and 

mesolimbic neurotransmission9-15, these studies have focused solely on striatal dopamine 

release3, 7, 8. 

Rodent studies, however, suggest a cardinal role for prefrontal dopamine in stress processing, 

as exposure to both physical16 and social17 stress is associated with increased extracellular 

dopamine levels predominantly in prefrontal cortex (PFC), and to a lesser extent in mesolimbic 

areas. Moreover, depletion of dopamine in rodent PFC increases dopamine reactivity to 

stress in mesolimbic brain regions11, 12, 14, suggesting that PFC dopamine transmission plays a 

role in the attenuation of mesolimbic dopamine release, exerting a ‘brake-like’ function that 

may play a vital role in diminishing the adverse effects of stress on the brain18. Individuals 

vulnerable to psychosis, similar to PFC dopamine-depleted rodents, display abnormally low 

PFC activity (i.e., “hypofrontality”)19-21, and increased reactivity of mesolimbic dopamine 

neurons19-23, the latter seemingly predicting conversion to psychotic disorder in individuals 

at ultra-high-risk for psychosis24, 25. These data suggest underlying alterations resulting in 

failure of the prefrontal dopamine system to exert control over stress-induced mesolimbic 

dopaminergic neurotransmission, the behavioral expression of which is increased psychotic 

reactivity to stress1, 26. However, direct in vivo evidence for an impaired stress-attenuating 

function of the prefrontal dopamine system in psychosis is currently lacking. This is mainly 

due to methodological restrictions, a lack of high affinity D2/3 ligands limiting positron 

emission tomography (PET) exploration of dopaminergic transmission to brain regions 

with high D2 receptor density, primarily the striatum. Recent development of high affinity 

D2/3 radioligands, among which [18F]fallypride, has offered possibilities for exploration of 

extrastriatal dopamine sites such as the PFC2, 27-32. In a previous study (see Chapter 3)2, we 
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used [18F]fallypride to detect in vivo prefrontal dopamine release in healthy human subjects 

in response to the Montreal Imaging Stress Task (MIST), a psychosocial stress challenge 

developed and used previously by Pruessner et al.3. Subjectively rated experiences of 

psychosocial stress were positively associated with dopaminergic activity in ventromedial 

PFC (vmPFC), implicating an important role for vmPFC dopamine neurotransmission in 

human stress processing, in line with abnormal stress responsivity in neurological patients 

with medial PFC damage33. The present study aimed at extending this work to the domain 

of psychosis, utilizing the same [18F]fallypride PET stress paradigm2, 3, 28 in a sample of healthy 

subjects and first-degree relatives of patients with a psychotic disorder to examine to what 

degree the vmPFC dopamine stress response mediates the stress reactivity endophenotype 

of psychosis. It was hypothesized that first-degree relatives would display impaired 

attenuation of stress-induced mesolimbic dopamine release by the prefrontal dopamine 

system, reflected by anomalies in stress-induced vmPFC dopamine signaling associated with 

psychotic reactivity to the MIST laboratory stressor.

Materials and methods

Subjects
The sample consisted of 14 healthy first-degree relatives of individuals with a psychotic 

disorder and 12 healthy control subjects with no family history of psychotic illness (control 

sample has been described in previous work; see Chapter 3)2. Subjects were recruited 

through pamphlets, advertisements in local newspapers and random mailing procedures in 

the local area. Relatives were additionally recruited by contacting local family organizations 

for relatives of patients with a psychotic disorder.

Inclusion criteria were (i) age 18-65 years; and (ii) sufficient command of the Dutch language 

to understand instructions and give informed consent. Exclusion criteria were (i) intellectual 

impairment (ii) head trauma with loss of consciousness or central neurological disorder; (iii) 

endocrine disorder; (iv) cardiovascular disorder; (v) present or history of psychiatric illness 

according to the explicit diagnostic criteria of the DSM-IV-TR34, generated with the OPCRIT 

computer program35; (vi) positive family history of psychosis (controls only); (vii) current 

use of psychotropic medication; (viii) current or previous use of illicit drugs; (ix) use of 

alcohol in excess of five standard units per day; (x) presence of metal elements in the body;
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(xi) previous experience of claustrophobia; and (xii) pregnancy or lactation (women only).

The study was approved by the standing medical ethics committee; subjects signed informed 

consent after description of the study. Drug and medication use were assessed at the day 

of scanning by urinalysis (MultiTest © 1990-2010 SureScreen Diagnostics Ltd.) in order to 

ensure that subjects were drug free at the moment of scanning. In addition, pregnancy tests 

(Clearblue © 2008 Swiss Precision Diagnostics) were carried out in female subjects, in order 

to exclude pregnancy at the moment of scanning.

Psychosocial stress task
Psychosocial stress was induced in the PET-scanner using the Montreal Imaging Stress Task 

(MIST), the psychosocial stress paradigm developed by Pruessner et al.3, 36. The experiment 

consisted of a control and a stress condition. In the control condition, subjects performed 

6-minute blocks of mental arithmetic on a computer screen with no time constraints or 

performance feedback, resulting in an average performance of 90% correct responses. In the 

stress condition, subjects performed similar mental arithmetic as in the control condition, 

with the addition of information about the total number of errors, expected average number 

of errors, time spent on the current problem, and performance feedback (correct, incorrect, 

timeout), displayed on the computer screen. In addition, a time constraint, slightly below 

the time needed according to the subject’s ability, was set for solving each problem. The 

constraint was automatically adjusted by the computer algorithm for each individual subject, 

based on the average time needed to solve a problem during a practice session before start 

of the PET scan. A tone rising in frequency indicated the remaining time for the subject to 

solve each problem.

Subjects were informed that an average performance of 80–90% correct answers was 

expected. However, due to the manipulation of the time constraint, subjects achieved, on 

average, only 20–30% correct answers. Psychosocial stress was additionally induced through 

negative verbal feedback from a confederate investigator, who commented upon subjects’ 

performance, emphasizing that they needed to achieve at least minimal performance 

requirements. An extensive debriefing session took place at the end of the experiment, 

in which subjects were told that the task was specifically designed to be out of reach of 

their mental capacity, and that in reality it did not assess their ability to perform mental 

arithmetic.

Ch
ap

te
r 

4 

94



Behavioral measures
Self-rated experiences of stress and psychosis were assessed every twelve minutes, 

throughout the experiment, and consisted of six stress and seven psychosis items, rated on 7-

point Likert scales (rating from not at all [=1] to very [=7]), adapted from Experience Sampling 

Methodology (ESM)37. All scores were recoded such that an increase in scores corresponded 

to increased intensity of subjective stress or psychotic experiences, respectively. Averages of 

the (recoded) scores on the items “I feel relaxed”, “This takes effort”, “I feel pressured”, “I feel 

comfortable among these people”, “I feel judged by these people”, and “I do not live up to 

expectations” constituted the subjective stress scale (Cronbach’s alpha = .69). The psychosis 

scale consisted of averages of the (recoded) scores on the items “I feel suspicious”, “I feel 

unreal”, “My thoughts are being influenced by others”, “I can’t get rid of my thoughts”, “I see 

things that aren’t really there”, “I hear voices”, and “I’m afraid I’ll lose control” (Cronbach’s 

alpha = .73).

PET acquisition
In order to minimize interference of task-induced stress with PET procedure-induced stress, 

the catheter used for ligand injection was placed 3 hours before the actual experiment 

took place. For the same reason, subjects were familiarized with the test setup and placed 

in the scanner three hours before the actual scan to complete the practice session of the 

psychosocial stress task. An example of the psychosocial stress task was presented on 

the computer screen for adjusting the positions of the mouse and computer monitor for 

comfortable viewing (outside the field of view of the scanner). After completing the test 

session, subjects were removed from the scanner, awaiting the actual PET experiment.

For the actual experimental PET session, subjects were again installed on the scanner bed 

with their head fixated using a vacuum pillow and foam inserts. If needed, the positions 

of the mouse and computer monitor were once more adjusted to allow for optimal 

comfort. Subjects received 183.2 (SD = 7.6) MBq of [18F]fallypride (see Chapter 3, p. 65 

for detailed description of radiotracer preparation)2 in a slow intravenous bolus injection 

through a catheter in the left or right antecubital vein, depending on subject handedness. 

Simultaneously upon radiotracer injection, dynamic emission scans were initiated in three-

dimensional mode using a HiRez Biograph 16 PET/CT camera (Siemens Medical Solutions, 

Inc.). Data were obtained in 60 second frames during the first 6 minutes and in 120 second 

frames thereafter.

PET emission was performed conform the one-day PET imaging protocol for [18F]fallypride 
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used previously (see Chapter 3)2, 28, 31. Emission data were collected in two segments, one 

during the control condition and one during the stress condition of the MIST psychosocial 

stress task. Given the use of an “activation” parameter in the kinetic model used for analyses 

(for details see Chapter 3)2, 38, representing presence or absence of additional dopamine 

release, and the hypothesis of stress being associated with increased dopaminergic activity, 

the stress condition of the MIST was always presented after the control condition. 

The first PET segment, with a duration of 70 minutes, thus represented the [18F]fallypride 

kinetics during the control condition, in which subjects performed 6-minute blocks of 

mental arithmetic without time constraints or performance feedback. The control session 

was followed by a brief break period of 10 minutes, after which subjects were, if necessary, 

repositioned on the scanner bed and the second PET emission data were collected for 

another 86 minutes in total. In order to ensure that “activation” (i.e., presence or absence 

of additional dopamine release, reflected by changes in ligand displacement) was not a 

result of repositioning or the simple act of getting up from the scanner from a break in the 

experiment, no task was presented during the first 20 minutes of this second emission scan. 

This, additionally, minimized risk of carry-over effects from the control condition into the 

stress condition, and maximized psychological impact of the stressor.

At 100 minutes post-injection, the psychosocial stress task was initiated and performed for 

the remaining 66 minutes of dynamic imaging. Subjective ratings of stress and psychosis 

were assessed every 12 minutes. To correct for attenuation, a low-dose (80 kV tube potential, 

11 mA·s) CT scan was conducted at the beginning of each PET segment (immediately before 

tracer injection and at 80 minutes post-injection) and at the end of emission scan.

Images were reconstructed using a 3D OSEM (ordered-subset expectation maximization) 

iterative reconstruction including model-based scatter as well as attenuation correction 

based on a measured attenuation map acquired by the CT, with a final spatial resolution of 4 

mm. Additionally, in order to exclude structural brain abnormalities and perform anatomical 

co-registration, all subjects received a volumetric T1-weighted and standard transverse 

T2 brain magnetic resonance image (MRI; 1.5 Tesla Vision Scanner, Siemens, Germany). 

Parameters for the T1 3D Magnetization Prepared Rapid Acquisition Gradient Echo sequence 

were: TR=0 ms, TE=4 ms, flip angle=12°, inversion time=300 ms, matrix 256×256, 160 sagittal 

contiguous slices of 1 mm.

To guarantee the consistency of [18F]fallypride metabolism among scans and to minimize 

potential changes in dopamine levels, PET acquisitions were conducted at the same time 

of day (14:30 ± 00:30), and all subjects fasted two hours prior to radiotracer injection and 
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abstained from nicotine, medication, and alcohol- or caffeine-containing drinks on the day 

of scanning.

PET data reduction and statistical analysis 
For each subject, brain reconstructed PET data were transferred in DICOM (Digital Imaging 

and Communications in Medicine) and converted to Analyze using PMOD software v. 2.95 

(PMOD Inc., Zurich, Switzerland). To minimize effects of head movement during the scan, 

all [18F]fallypride frames for each PET were realigned, co-registered to the subject´s MRI and 

then spatially normalized to a specific T1-weighted template constructed in MNI (Montreal 

Neurological Institute) stereotaxic space using SPM8 (Statistical Parametric Mapping, The 

Wellcome Department of Cognitive Neurology, London, UK). To increase signal to noise 

ratio, the normalized images were then smoothed with a 3D gaussian filter (4-mm full width 

at half maximum) before applying the kinetic model.

For each subject, volume-of-interest (VOI) analysis was performed by estimating the kinetic 

parameters using the LSRRM kinetic model38 (see Chapter 3, p. 68 for detailed description of 

the model)2 and the PET time-activity curves (TACs) for left and right vmPFC. The cerebellum 

was used as a reference region for [18F]fallypride, representing a cerebral area with a paucity 

of dopamine D2/3 receptors39. For each subject, two binary masks were created based on the 

corresponding normalized MRI. With the aid of the Talairach atlas40, one binary mask image 

was designed to include left and right vmPFC (Brodmann area 10), and a second mask was 

drawn only on the cerebellum. A voxel-wise t-statistic map was computed to localize areas 

that displayed increased [18F]fallypride ligand displacement after initiation of the stress 

condition.

Main analysis 
Linear regression analyses were conducted with group (control [=0] vs. relative [=1]), 

task-induced changes in scores on the subjective stress scale (quantified as the difference 

between mean scores on the scale under stress vs. control conditions) or respectively task-

induced changes in scores on the psychosis scale (quantified as the difference between 

mean scores on the scale under stress vs. control conditions), as well as their interaction 

(i.e., group x subjective_stress, and group x psychosis) as independent variable, and task-

induced changes in [18F]fallypride ligand displacement in left, and right vmPFC (quantified 

as the percentage of voxels exceeding the false discovery rate (FDR)41 corrected significance 

threshold of p(α(FDR)=5%) < 0.05; see Chapter 3, p. 69 for details)2 as dependent variable. 
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Finally, linear regression analysis was performed with group (control [=0] vs. relative [=1]), 

task-induced changes in scores on the subjective stress scale (quantified as the difference 

between mean scores on the scale under stress vs. control conditions), as well as their 

interaction (i.e., group x subjective_stress) as independent variable, and task-induced 

changes in scores on the psychosis scale (quantified as the difference between mean scores 

on the scale under stress vs. control conditions) as dependent variable.

Significance tests were performed in STATA release 10.042. When interactions were detected, 

simple effects were calculated using the LINCOM command in STATA. All analyses were a 

priori corrected for age, gender, nicotine use43 (continuous: number of cigarettes / day), and 

alcohol consumption44 (continuous: grams of alcohol / week). 

Results

Subjects
Of the 26 subjects who entered the study, one control subject was excluded because of 

excessive stress during the control condition of the experimental PET paradigm, attributable 

to uncomfortable placement of the catheter for bolus injection. For another control subject, 

data on the subjective stress- and psychosis scale were lost due to a computer failure. 

Consequently, final analyses were performed in a sample of 10 control subjects and 14 first-

degree relatives.

Subject characteristics
No large or significant sociodemographic differences were observed between groups (see 

Table 1). Task-induced changes in subjective stress, psychotic experiences, and [18F]fallypride 

ligand displacement are summarized in Table 2. Mean levels of task-induced stress, psychosis, 

and [18F]fallypride ligand displacement in vmPFC were similar between groups (see Table 

2). The stress condition was experienced as significantly more stressful compared to the 

control condition, reflected by higher scores on the subjective stress scale (Mean(control)=2.86 

[SD=.56]; Mean(stress)=4.03 [SD=.78]; t(df=23)=-7.98; p=.0001).
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Main results

Effect of familial liability to psychosis on the association between task-induced 
changes in subjective stress and [18F]fallypride ligand displacement
Linear regression analyses showed significant interactions between group (control vs. 

relative) and subjective, task-induced stress in the models of task-induced [18F]fallypride 

ligand displacement in left and right vmPFC (left: F=19.12; β= -2.04 [SE=.47]; p=.0005; right: 

F=12.32; β= -1.92 [SE=.55]; p=.003; Figure 1), indicating a differential association between 

the experience of stress and task-induced dopamine activity in these brain regions in controls 

versus relatives.

In relatives, higher levels of subjective stress were associated with decreased [18F]fallypride 

ligand displacement in bilateral vmPFC (left: β= -1.02; 95% CI [-1.54; -.49]; p=.001; right: 

β= -.85; 95% CI [-1.47; -.23]; p=.010), suggesting lower dopaminergic activity in these 

brain regions. Conversely, in controls, higher levels of subjective stress were associated 

with increased [18F]fallypride ligand displacement in bilateral vmPFC (left: β=1.02; 95% 

CI [.28; 1.77]; p=.010; right: β=1.07; 95% CI [.19; 1.95]; p=.020), suggestive of increased 

dopaminergic activity. 

Effect of familial liability to psychosis on the association between task-
induced changes in self-rated psychotic experiences and [18F]fallypride ligand 
displacement
Linear regression analyses showed significant interactions between group (control vs. 

relative) and task-induced psychotic experiences in the model of task-induced [18F]fallypride 

ligand displacement in left and right vmPFC (left: F=9.03; β= -4.20 [SE=1.40]; p=.008; right: 

F=6.89; β= -4.03 [SE=1.54]; p=.018; Figure 2), indicating a differential association between 

task-induced psychotic experiences and task-induced dopamine release in controls versus 

relatives.

In relatives, increased intensity of subjective psychotic experiences was associated with 

decreased [18F]fallypride ligand displacement in bilateral vmPFC (left: β= -2.21; 95% CI           

[-3.78; -.65]; p=.008; right: β= -1.96; 95% CI [-3.69; -.25]; p=.028), suggestive of reduced 

dopaminergic activity in these brain regions. In controls, no association was found between 

psychotic experiences and [18F]fallypride ligand displacement in vmPFC (left: β=1.98; 95% CI 

[-.49; 4.46]; p=.109; right: β=2.07; 95% CI [-.66; 4.80]; p=.128). 
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Effect of familial liability to psychosis on the association between task-induced 
changes in subjective stress and task-induced changes in subjective psychotic 
experiences
Linear regression analyses revealed no significant interaction effect between group (control 

vs. relative) and task-induced subjective stress on subjectively rated psychotic experiences 

(F=1.15; β=.58 [SE=.54]; p=.299; corrected for age and gender). Nevertheless, post hoc 

simple effects analyses, using the LINCOM command in STATA version 10.042, revealed 

higher levels of subjective task-induced stress to be associated with increased intensity of 

subjective psychotic experiences in relatives (β=1.19; 95% CI [.57; 1.81]; p=.001; corrected 

for age and gender), but not in controls (β=.61; 95% CI [-.27; 1.50]; p=.161; corrected for age 

and gender).

Discussion

Results from the current study indicate that individuals at familial risk for psychosis display 

altered dopamine stress processing in ventromedial prefrontal cortex (vmPFC), a brain 

region previously identified to play a key role in human dopaminergic stress regulation2. 

Furthermore, alterations in the vmPFC dopamine stress response were accompanied by 

increased psychotic reactions to stress, fitting previously reported associations between 

abnormal dopamine reactivity and increased stress reactivity in the daily life of subjects 

at familial risk of developing psychosis6. Although previous studies have suggested a role 

for prefrontal dysfunctions in psychosis20, 21, 45, 46, this is, to our knowledge, the first in vivo 

human imaging study showing that psychotic reactivity to stress in individuals at familial risk 

for psychosis is associated with alterations in dopamine stress processing in PFC.

Ventromedial prefrontal cortex involvement in stress regulation
The current findings underline a regulatory role for vmPFC dopamine neurotransmission in 

the human stress response2, given that individuals at familial risk for psychosis, characterized 

by impairments in stress regulation1, display alterations in vmPFC dopamine stress 

transmission. These findings are in line with reports of medial prefrontal cortex damage 

being associated with heightened self-reported stress responses to the Trier Social Stress 

Test33.

The vmPFC strongly connects to the amygdala, ventral striatum, and hypothalamus47-51, and 
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is thought to be involved in emotion regulation52, impulse control53, self-control54, and fear 

extinction55. The infralimbic prefrontal cortex, which is considered the rat homologue of the 

human vmPFC56, inhibits fear responses in rats when stimulated57. Furthermore, the loss of 

top-down control by the vmPFC is implicated in mood and anxiety disorders58-61, supporting 

a role for the vmPFC as emotion control centre, further emphasized by observations of an 

association between vmPFC damage and deficits in emotion regulation62, 63.

Importantly, the human stress response is uniquely determined by the interaction between 

a stressor and the individual’s appraisal thereof, which may be incongruous with the actual 

threat of the stressful situation64. The vmPFC is implicated in the neural processing of these 

appraisals65, in turn activating subcortical brain regions involved in the initiation of the 

physiological stress response49. Similar to patients with a psychotic disorder66, 67, vmPFC-

damaged patients display difficulty appraising social and emotional cues68, 69. Inappropriate 

psychological (e.g., psychotic) and physiological reactions to social stress, as observed in 

individuals at risk of psychosis1, 26, 70, may therefore result from impaired appreciation of the 

stressful nature of a situation, mediated by alterations in vmPFC functioning.

A role for prefrontal-mesolimbic dopamine asymmetry in psychotic stress 
processing
Although previous studies suggest a role for asymmetry of prefrontal-mesolimbic dopamine 

networks in psychotic disorders, implicating ‘hypoactivity’ of prefrontal and ‘hyperactivity’ 

of mesolimbic dopamine structures19, a scarcity of in vivo human studies investigating 

stress-induced changes in prefrontal dopamine levels limits our understanding of the role of 

this neurochemical asymmetry in the stress reactivity endophenotype of psychosis. Rodent 

studies indicating that depletion of dopamine in the PFC increases stress-induced dopamine 

release in the mesolimbic system11, 12, 14 have advanced the hypothesis that prefrontal 

dopamine transmission attenuates stress-induced mesolimbic dopamine release. In fact, 

the prefrontal dopamine system may not only constrain, but also determine mesolimbic 

dopamine activity in response to stress71. A possible function of this mechanism could be 

to protect the organism for the adverse consequences of stress on the brain, supported 

by the observation that stress-related psychopathologies are characterized by disturbed 

mesolimbic dopamine transmission72-75 and prefrontal diminution73, 76, 77. Our previous 

finding of healthy subjects responding to psychosocial stress with increased levels of 

endogenous dopamine in the PFC2, whereas a similar stressor in previous studies did not 

necessarily induce dopamine release in mesolimbic brain regions3, 7, 8, further supports the 

Ch
ap

te
r 

4 

101



hypothesis that the organism may benefit from such a stress-reducing mechanism, with a 

suggested regulatory role of the prefrontal dopamine system. Findings from the current 

study, showing an association between altered stress-induced dopamine signaling in vmPFC 

and increased behavioral reactivity to psychosocial stress in first-degree relatives of patients 

with a psychotic disorder, suggest familial risk for psychosis is mediated, amongst others, 

by impaired attenuating control of the prefrontal dopamine system, and hence increased 

stress reactivity of mesolimbic dopamine neurons. Given the proposed mediating role of 

mesolimbic dopamine in salience attribution78, a stress-induced hyperactive state of the 

mesolimbic dopamine system may result in ‘aberrant salience’ (the assignment of salience 

to otherwise unimportant stimuli), and fuel psychotic experiences22, supported by current 

and previous6, 26 observations of stress-induced psychotic experiences in individuals at risk 

of psychosis.

Animal studies suggest that excessive stimulation of prefrontal dopamine neurons (e.g., by 

stress) can put the prefrontal cortex ‘off-line’79, 80, disrupting the attenuating control over 

subcortical brain regions, rendering these regions hyperreactive and enabling them to 

dominate behavior. This mechanism may have survival value, since it enables the organism 

to automatically switch from complex, slow, prefrontally regulated behaviors to instinctive, 

fast (e.g., ‘fight’–‘flight’)81 behaviors guided by subcortical brain regions, when exposed 

to severe stress82. Incorrect tuning of this mechanism, however, may render the organism 

hyper- or hyporesponsive to stress. The current findings suggest that individuals at familial 

risk for psychosis may be prone to stress-induced ‘overload’ of the vmPFC dopamine system, 

reflected by observations of inverse dopamine stress-reactivity in vmPFC when compared to 

healthy control subjects. Consequently, attenuating control of the vmPFC dopamine system 

over the stress-induced mesolimbic dopamine response may be lost, increasing likelihood 

of stress-induced psychotic experiences22.

Strengths and limitations
The findings reported in this study result from significant advances made in the field of 

neuroimaging and show, for the first time, aberrant in vivo dopamine stress signalling in the 

PFC of individuals at familial risk for psychosis. Further strengths of the study include the use 

of a laboratory stressor that attempts to emulate real-world social interactions and succeeds 

in eliciting stress not only at a neural level, but also at the level of subjective experience. 

Some limitations require consideration. First, the study design did not permit simultaneous 

and additional investigation of subcortical dopamine release. Subcortical dopamine regions 
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differ from cortical brain regions with regard to dopamine D2/3 receptor density as well as 

dopamine kinetics, and therefore require a longer scan duration in order to reach a similar 

proportion of receptors to be occupied by the dopamine-competing ligand fallypride than 

is the case in low density dopamine D2/3 regions such as the PFC83. Consequently, assessing 

dopamine transmission simultaneously in two regions that differ in terms of receptor density 

was not feasible using the current study design, since the timing of task-initiation would have 

to be adjusted for each region in such a way that the proportional distribution of radioligand 

would be optimized. A compromising solution, in the form of intermittent task initiation 

timing would, at best, have resulted in overestimation of dopamine release in relatively 

low dopamine D2/3 receptor dense structures and underestimation of dopamine release in 

relatively high D2/3 receptor dense structures28. Second, although application of the LSRRM 

has several practical advantages, such as the requirement for only a single radiochemical 

synthesis and administration and avoidance of session effects, practical implementation of 

the model implies that time-dependent alterations in regional cerebral blood flow (rCBF) 

are not fully accounted for. However, as argued by Christian and colleagues28, using a 

single injection protocol in combination with the in vivo kinetics of fallypride minimizes the 

possible confounds of changing rCBF under psychological task paradigm conditions. Third, 

consequential to the one-day scanning protocol utilized in the current study, the stress and 

control conditions of the MIST were consistently administered in the same sequence, i.e., 

the control condition preceded the stress condition for each subject. This increases risk of 

carry-over effects from the control condition into the stress condition. However, these effects 

were minimized by separating the two conditions by a baseline condition. Most importantly, 

a two-scan protocol, with counterbalanced administration of stress and control conditions, 

would have meant that the extensive and important debriefing session, in which subjects 

were told that the task was specifically designed to be out of reach of their mental capacity, 

and that it did not assess their ability to perform mental arithmetic, could only take place 

after the second scan, which was considered to be ethically problematic. Furthermore, a one-

day scan protocol has the advantage of avoiding session effects. Fourth, generalizability of 

the current findings to clinical populations is hampered by the fact that the current study did 

not include patients with a psychotic disorder. Nonetheless, there is substantial evidence of 

familial and aetiological continuity between the transitory subclinical phenomena reported 

by non-clinical populations at increased risk of developing psychosis (e.g., first-degree 

relatives of patients with a psychotic disorder or psychometrically identified individuals with 

high schizotypy scores) and clinically relevant psychotic disorders84-87. Examining psychotic 
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symptoms in first-degree relatives of patients with a psychotic disorder may therefore help 

clarifying the underlying aetiology of psychosis. An additional advantage of this approach 

is the circumvention of potential confounding factors that are inherent to the clinical 

illness (e.g., illness chronicity, antipsychotic drug treatment, or cognitive deficits). Fifth, 

no performance measure was implemented in the psychosocial stress paradigm. We can, 

therefore, not ascertain to what degree the findings may be confounded by variations in 

task performance. However, as argued by Pruessner et al.3, controlling for task performance 

would be redundant, since manipulation of the time constraint yields an average proportion 

of 20-30% correct answers in the stress condition for each individual subject. Furthermore, 

the strong correlation between subjectively experienced feelings of stress and fallypride 

ligand displacement in ventromedial PFC reported by Lataster et al.2 in a previous study 

utilizing the same PET stress paradigm (see Chapter 3), suggests that neural activity in this 

region is unlikely to be related purely to cognition. Finally, it should be noted that our results 

do not imply causality and the specific function of each brain region in the human stress 

response remains an important subject for further investigation.
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Table 1 | Sociodemographic characteristics of the sample, nicotine use and alcohol consumption.

Characteristic

Control subjects

(n = 10)

1st degree relatives

(n = 14) Test-statistic p

Age (y; mean (SD))
36.6 (15.3)

ranges 23-60

40.6 (15.0)

ranges 19-63
-0.65a .525

Gender (n, %) 2.24b .134c

Male 8 (80) 7 (50)
Female 2 (20) 7 (50)

Level of education (n, %)d 0.64b .727

Secondary education 1 (10) 3 (21)
Bachelor degree 6 (60) 8 (57)
Master degree 3 (30) 3 (21)

Work situation (n, %)d 1.92b .750

Household 0 2 (14)
School/education 2 (20) 3 (21)
Regular job (fulltime) 6 (60) 6 (43)
Regular job (parttime) 1 (10) 2 (14)
Other activities 1 (10) 1 (7)

Marital status (n, %) 1.05b .590

Married or cohabitating 5 (50) 8 (57)
Divorced 0 1 (7)
Never married 5 (50) 5 (36)

Nicotine use (cigarettes/day; n, %) 0.24a .810
0 8 (80) 12 (86)
1-10 1 (10) 1 (7)
10-20 1 (10) 1 (7)

Alcohol consumption (grams/weeke; n, %) 0.72a .476
0-50 5 (50) 8 (57)
50-100 1 (10) 2 (14)
100-150 4 (40) 4 (29)

GAF-score (mean (SD))
GAF-symptoms 87.2 (7.6) 81.4 (8.4) 1.72a .100

GAF-handicap 87.0 (8.6) 84.3 (6.9) 0.86a .400
a t-value (comparing group means; two-sided p-value presented).
b Pearson’s χ2 (comparing categorical distributions between groups).
c Fisher’s exact p-value = .210.
d Percentages do not total 100 because of rounding.
e Standard drink / unit size in the Netherlands contains 9.9 grams of ethanol.
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Table 2 | Mean (SD) values and t-test statistics of task-induced stress, psychotic experiences, and [18F]fallypride 

ligand displacement for control subjects and first-degree relatives.

Mean (SD)

Task-induced changes in:

Control subjects

(n = 10)

1st degree relatives

(n = 14) t p

Subjective stressa 0.98 (0.68) 1.31 (0.74) -1.13 .270
Subjective psychosisb 0.09 (0.22) 0.03 (0.30) 0.53 .601

[18F]fallypride ligand displacement (%)c

vmPFC (right) 48.7 (22.0) 38.1 (28.2) 0.99 .333
vmPFC (left) 54.1 (24.0) 41.6 (27.0) 1.16 .258

a Difference between mean scores on the subjective stress scale under stress vs. control conditions of the MIST 

psychosocial stress task.
b Difference between mean scores on the psychosis scale under stress vs. control conditions of the MIST psychosocial 

stress task.
c Percentage of voxels exceeding the FDR corrected significance threshold of p(α(FDR)=5%) < 0.05. Percentages 

reflect the number of significant voxels relative to the total number of voxels within the mask of the respective 

brain region.
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Figure 1 | Associations between task-induced feelings of subjective stress and task-

induced [18F]fallypride ligand displacement in left and right ventromedial prefrontal cortex 

of healthy control subjects and healthy first-degree relatives of patients diagnosed with a 

psychotic disorder. Increased feelings of subjective stress were associated with increased 

ligand displacement in controls vs. decreased ligand displacement in first-degree relatives.
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Figure 2 | Associations between task-induced psychotic experiences and task-induced 

[18F]fallypride ligand displacement in left and right ventromedial prefrontal cortex 

of healthy control subjects and healthy first-degree relatives of patients diagnosed 

with a psychotic disorder. Increased intensity of psychotic experiences was associated 

with decreased ligand displacement in first-degree relatives but not in controls.
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Abstract

Objective: Blockade of dopamine D2 receptors is thought to mediate the therapeutic effects 

of antipsychotic medication but may also induce social indifference. As antipsychotic drugs 

differ in D2 receptor binding, “tight” and “loose” binding drugs may be hypothesized to 

differentially affect emotional experience. The present study investigates the differential 

effects of relatively tight versus looser binding drugs on the experience of emotions in the 

realm of daily life.

Method: We assessed positive and negative affect in the daily life of 109 patients with a 

DSM-IV diagnosis of psychotic disorder who were currently taking antipsychotic medication 

by using the Experience Sampling Method (a structured diary technique). Antipsychotic 

medication was classified as ‘loose’ (olanzapine; n = 35) or ‘tight’ (haloperidol, risperidone; 

n = 74) binding, based on the drug’s dissociation constants at the D2 receptor. 

Results: Multilevel analyses showed a significant interaction between binding group (loose 

vs. tight) and D2 receptor occupancy estimates with regard to the experience of positive

(p = .008) and negative (p = .019) affect. For tight-binding agent users, a significant association 

was found between D2 receptor binding estimates and both positive affect (p = .040) and 

negative affect (p = .0001) in the flow of daily life, with increasing levels of estimated D2 

receptor occupancy being associated with decreased feelings of positive affect and increased 

feelings of negative affect. For loose-binding agent users, no such association was apparent. 

These associations were only partly mediated by clinical symptoms.

Conclusion: These findings add ecological validity to previous laboratory findings showing 

an association between D2 receptor occupancy and emotional experience.

Ch
ap

te
r 

5 

119



Ch
ap

te
r 

5 

120

Introduction

Antipsychotic medication reduces dopaminergic neurotransmission and reduces positive 

symptoms in patients diagnosed with schizophrenia1-3. Given the fact that the dopaminergic 

system may mediate the experience of motivational salience or reward4, 5, antipsychotic 

medication may act by making abnormal perceptions and delusional beliefs become less 

meaningful and lose part of their intensity and presence6. There is evidence, however, 

that by doing so they may also induce motivational indifference and block emotional 

experience7. Despite the apparent link between dopamine blockade and motivational 

indifference, symptom reduction and occurrence of extrapyramidal side-effects have long 

been the main outcome measures in medication studies8. However, the occurrence of 

emotional impairment may be a more subtle yet more important side-effect of antipsychotic 

medication, as it already occurs at relatively low levels of dopamine receptor blockade9.

Emotional experience has been shown to change in response to antipsychotic treatment10-12. 

More specifically, experience of emotions has been related to occupancy of the dopamine 

D2 receptor, with high levels of D2 receptor occupancy being associated with feelings of 

dysphoria and decreased feelings of safety and self-confidence13, 14, independent of overall 

symptom severity14 or extrapyramidal symptoms (EPS)13, 14. Similarly, prolonged dopamine 

depletion has been shown to result in negative mood states15. However, the relationship 

between D2 occupancy and emotional experience may not be linear9. For example, lower 

D2 occupancy levels may be related to reduced motivational tone due to the presence 

of psychotic symptoms, whereas high D2 receptor blockade may induce motivational 

indifference due to blockade of emotional experience associated with natural rewards. 

Research in the area has been conducted by assessing emotional experience (“subjective 

well-being”) using medication-related cross-sectional questionnaires in semi-experimental 

environments. While productive, these studies nevertheless lack ecological validity, as 

emotional experiences occurring in the flow of daily life are assessed retrospectively and 

globally using cross-sectional instruments. Assessing emotional states in the reality of daily 

life would allow examination of more subtle changes in emotional experience. This may be 

crucially important given the impact of subjective well-being on medication compliance and 

treatment outcome16, 17. The current study therefore aimed to investigate the association 

between D2 receptor occupancy and experience of emotions in daily-life reality by using the 

Experience Sampling Method (ESM), a fine-grained momentary assessment technique, to 

collect emotional experiences in the flow of daily life18, 19. 



Furthermore, although all antipsychotic drugs display some degree of blockade of the D2 

receptor, the specific mechanism of occupancy is determined by the chemical profile of the 

individual agent20. Antipsychotic agents differ in how strongly they compete with dopamine 

for occupancy of the D2 receptor. Some agents, such as haloperidol and risperidone, bind 

more tightly to the D2 receptor than dopamine itself. Others, however, such as olanzapine 

and clozapine, display a more loose or “rapid offset” binding profile, making them more 

easily displaceable by endogenous dopamine21. It is attractive to hypothesize that these 

differences in binding potential could result in differential effects on experience of reward. De 

Haan and colleagues9 described an overall effect of D2 occupancy on emotional experience 

in haloperidol and olanzapine users. However, Garcia-Cabeza and co-workers22 found 

treatment with the more tight-binding agents haloperidol and risperidone to be associated 

with more negative feelings than treatment with the more loose-binding agent olanzapine. 

Thus, although closely linked, the overall amount of D2 occupancy and the qualitative aspects 

involved in the process of dopaminergic antagonism need to be disentangled with regard to 

subjectively experienced medication effects impacting on the experience of emotions.

The present study thus investigated the effect of medication use on emotional experience 

quantified as positive affect and negative affect in the realm of daily life. In addition, the 

differential effects of relatively tight- and loose-binding drugs on experience of emotions 

were investigated. The study was naturalistic, meaning that subjects were taking 

antipsychotic medication as prescribed by their clinician. For the more tight-binding drugs, 

a first-generation antipsychotic – haloperidol – and a second generation antipsychotic 

– risperidone – were included, and compared with the looser binding second generation 

antipsychotic olanzapine. 

Materials and methods

Subjects
The sample consisted of 119 patients with a lifetime diagnosis of non-affective psychosis. 

Inclusion criteria were (i) age 18-65 years; (ii) sufficient command of the Dutch language 

to understand instructions and informed consent; (iii) a lifetime diagnosis of non-affective 

psychosis; and (iv) current use of haloperidol, risperidone, or olanzapine. Exclusion criteria 

were (i) endocrine, cardiovascular, or brain disease; (ii) weekly use of illicit drugs; and (iii) use 
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of alcohol in excess of five standard units per day. Patients were recruited through inpatient 

and outpatient mental health facilities in Maastricht (the Netherlands), as well as through 

patient associations in the southern part of the Netherlands.

Diagnostic inclusion of patients was based on DSM-IV diagnoses23, generated with the 

OPCRIT computer program24. Participants included patients with a diagnosis of schizophrenia, 

delusional disorder, induced psychotic disorder, brief psychotic disorder, and psychotic 

disorder not otherwise specified. This study was approved by the local medical ethics 

committee. After complete description of the study to the participants, signed informed 

consent was obtained. 

Experience Sampling Method
The Experience Sampling Method (ESM) is a within-day momentary self-assessment 

technique, developed to provide measures of the frequency and patterns of mental 

processes in every-day-life situations18, 19.

Participants received a digital wristwatch and a set of ESM self-assessment forms collated 

in a booklet for each day. Ten times a day on six consecutive days, the watch emitted a 

signal (beep) at unpredictable moments between 7:30 a.m. and 10:30 p.m. After each 

beep, subjects were asked to stop their activity and fill out the ESM self-assessment forms 

previously handed out to them, collecting reports of perceptions, thoughts, mood, current 

context (activity, persons present, location) and appraisals of the current situation. All self-

assessment items were rated on 7-point Likert scales. Subjects were asked to complete their 

reports immediately after the beep, thus minimizing memory distortions, and to record 

the time at which they completed the form. In order to know whether the subjects had 

completed the form within 15 minutes of the beep, the time at which subjects indicated they 

completed the report was compared to the actual time of the beep. All reports completed 

more than 15 minutes after the signal were excluded from the analysis. Previous work has 

shown that reports completed after this interval are less reliable and consequently less 

valid19. For the same reason, subjects with less than 20 valid reports were also excluded 

from the analysis.

Experience of emotions
Emotional experience was assessed with four positive affect items and six negative affect 

items rated on 7-point Likert scales (rating from not at all [=1] to very [=7]), derived from 

the Experience Sampling booklets as described above. Mean scores on the items “I feel 
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cheerful”, “I feel relaxed”, “I feel satisfied” and “Overall, I am feeling well” (Cronbach’s alpha 

= .85) constituted the positive affect (PA) scale. The negative affect (NA) scale consisted of 

mean scores on the items “I feel insecure”, “I feel lonely”, “I feel anxious”, “I feel down”, “I 

feel angry”, and “I feel guilty” (Cronbach’s alpha = .83). 

Psychotic symptoms
Momentary psychotic symptomatology was assessed with two perception and two thought 

items rated on 7-point Likert scales (rating from not at all [=1] to very [=7]), derived from the 

ESM booklets. Mean scores on the items “I hear voices” and “I see phenomena” constituted 

the hallucinations scale (Cronbach’s alpha = .74), while mean scores on the items “I feel 

suspicious” and “I feel unreal” constituted the delusions scale (Cronbach’s alpha = .66).

Overall symptom severity during the ESM-week was assessed once with the Brief Psychiatric 

Rating Scale (BPRS)25, a semi-structured interview. The BPRS consists of 24 pathology items 

scored on a 7-point severity scale (ranging from not present to extremely severe). Scoring 

was conducted by trained raters. Mean values of the 24 pathology item scores were used 

as an indicator of severity of symptomatology, with higher scores representing more severe 

symptoms. Additionally, in accordance with work from Velligan et al.26, BPRS depression and 

BPRS psychosis subscale scores were calculated for each subject, consisting of the mean 

scores on BPRS items that have been shown to cluster together in a depression/anxiety 

factor (somatic concern, anxiety, depression, suicidality, guilt, hostility, and suspiciousness) 

and psychosis factor (grandiosity, suspiciousness, hallucinations, unusual thought, bizarre 

behavior, conceptual disorganization), respectively.

Medication
Before the start of the ESM, detailed medication information was collected (medication 

name and daily dosage). Depot-doses were recalculated into oral daily dose values27.

D2 receptor occupancy
No in vivo receptor occupancy measures were obtained, but D2 receptor occupancy levels 

were estimated theoretically by fitting hyperbolic functions to dose-related D2 occupancy 

data from previously performed medication studies (see Appendix). These functions were 

then applied to individual subject medication data extracted from the ESM medication 

forms, in order to theoretically predict occupancy estimates for each subject.
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Binding potential 
Antipsychotic agents were classified as having either a “tighter” or a “looser” binding 

pattern (hereafter called tight- and loose-binding agents), based on their dissociation (or 

inhibition) constant K at the D2 receptor, expressed in molar (M) units20. Following Seeman 

et al.20, we classified drugs with dissociation constants higher than 1,5 nM, which bind 

more loosely to the D2 receptor than dopamine, as ‘loose’ binding (K>1,5 nM; olanzapine), 

whereas agents with dissociation constants lower than 1,5 nM, which bind more tightly to 

the D2 receptor than dopamine, were classified as ‘tight’ binding (K<1,5 nM; haloperidol and 

risperidone)20.

Data analysis 
Since ESM data are hierarchical in nature – multiple observations (level 1) nested within 

subjects (level 2) – hierarchical linear models were used, taking into account that residuals 

are not independent, given that observations from the same subject are more similar 

than observations from different subjects28. All analyses were conducted with the XTREG 

procedure in STATA, release 10.029.

Multilevel linear regression analyses were conducted with binding group (tight, loose), D2 

receptor occupancy estimates as well as their interaction as independent variable, and NA 

and PA as dependent variables, in two separate models. Stratified analyses were conducted 

for the loose- and the tight-binding group. In order to clarify the effect size in the stratified 

analyses, and due to skewness of the estimated D2 receptor occupancy distribution, we 

defined a three-level dopamine D2 receptor occupancy estimate variable (low, middle, high) 

for both the loose- and tight-binding group, based on the tertile scores. Sex and age were 

added as covariates. Concomitant use of any anxiolytic, antidepressant, mood-stabilizing, 

tranquilizing, or antiparkinsonian medication was also added as dichotomous co-variate due 

to possible confounding effects on emotional well-being. 

Since emotional experience may be related to symptom severity and since medication dosage 

(i.e., D2 receptor occupancy) may also be associated with symptom severity, we repeated 

the analyses adding, respectively, momentary hallucinations, momentary delusions, and 

mean severity of psychopathology (based on the BPRS score) as possible confounders.
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Results

Subjects
Ten patients were excluded due to incomplete reports or incomplete medication data. The 

remaining group of 109 patients consisted of 79 men and 30 women and was composed of 

39 haloperidol users, 35 olanzapine users, and 35 risperidone users.

Sample characteristics 
Sociodemographic characteristics and mean scores on independent, dependent, and 

psychopathology variables are shown in Table 1 and Table 2, respectively. 

Haloperidol users were significantly older than risperidone and olanzapine users (t=2.4, 

p=.008). Mean D2 occupancy estimates were higher in tight-binding agent users compared 

to loose-binding agent users (72% vs. 62%, respectively). Mean scores on BPRS, BPRS 

subscales, momentary symptoms, positive affect, and negative affect were similar between 

tight-binding agent users and loose-binding agent users. Information on concomitant 

psychotropic medication is shown in Table 1.

Effect of binding tightness on the association between D2 occupancy and 
emotional experience
Multilevel linear regression analysis with only age and sex as covariates showed no main 

effects of D2 receptor occupancy on NA (β=.01 [SE=.008], p=.074) or PA (β=-.007 [SE=.009], 

p=.428). However, a significant interaction effect was found between binding group (tight 

vs. loose) and D2 receptor occupancy in the model of both PA (β=.05 [SE=.02], p=.008) and 

NA (β=-.04 [SE=.02], p=.019), indicating a differential association between D2 receptor 

occupancy and emotional experience in the loose- versus tight-binding group.

After controlling for momentary hallucinations, the effect remained significant in the models 

predicting PA and NA ((β=.05 [SE=.02], p=.014) and (β=-.04 [SE=.02], p=.017), respectively). 

When controlling for momentary delusions, however, the effect lost significance in both 

models (PA: (β=.03 [SE=.02], p=.106); NA: (β=-.02 [SE=.01], p=.183)). After controlling for 

overall BPRS psychopathology, the effect remained significant in the model predicting PA 

(β=.04 [SE=.02], p=.050), but lost significance in the model predicting NA (β=-.02 [SE=.02], 

p=.197).

In order to clarify the interaction, stratified analyses were conducted for the tight- versus 
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the loose-binding group. For both binding groups, D2 receptor occupancy was divided in 

three based on the tertiles (1=lowest 331/3%; 2=middle 331/3%, 3=highest 331/3%).

Tight-binding agents and their influence on emotional experience
For the tight-binding group, a significant effect was found of D2 receptor binding estimates 

on PA (χ2
2=6.42, p=.040), with age, sex and concomitant medication use as covariates. There 

was a clear decrease in PA in the middle group (D2 occupancy range 68-81%) and an even 

larger decrease in the group with the highest D2 receptor occupancy (D2 occupancy > 81%) 

(Table 3; Figure 1). This association, however, failed to reach significance when additionally 

controlled for momentary hallucinations (χ2
2=4.19, p=.123), momentary delusions (χ2

2=4.26, 

p=.119), or overall BPRS psychopathology (χ2
2=3.96, p=.138; Table 3). This was mainly due 

to the comparison between the highest and the lowest tertile, for which the effect lost 

significance, whereas the difference in PA between the middle and low tertile remained 

significant (Table 3).

D2 occupancy was, in addition, significantly related to NA (χ2
2=29.48, p<.0001), with a 

significant increase in NA in the group with the highest D2 receptor occupancy (Table 3; Figure 

1), controlling for age, sex and concomitant medication use. The association remained large 

and significant after inclusion of momentary hallucinations (χ2
2=24.11, p<.0001), momentary 

delusions (χ2
2=17.91, p=.0001), or overall BPRS psychopathology (χ2

2=14.83, p=.0006) in the 

analysis (Table 3).

Loose-binding agents and their influence on emotional experience
No main effect of D2 occupancy on PA nor NA was found in the loose-binding group (PA: 

χ2
2=1.64, p=.439; NA: χ2

2=0.71, p=.701; covariates age, sex, and concomitant medication 

use; Table 3). These results did not reach significance after controlling for momentary 

hallucinations, momentary delusions, or overall BPRS psychopathology.

Discussion

The results of this study indicate that estimated dopamine D2 receptor occupancy may 

be associated with emotional experience in the flow of daily life of patients diagnosed 

with psychosis, adding ecological validity to previous studies8-17. However, the effect of D2 

occupancy on experience of emotions may be particularly relevant for agents that bind 

more tightly than dopamine to the dopamine D2 receptor, whereas no specific associations 
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between D2 occupancy and emotional experience were found for looser binding agents. 

Given that tight- and loose-binding agents showed overlap in terms of overall receptor 

occupancy estimates, the results suggest that the mechanisms of D2 receptor binding rather 

than mere occupancy levels of the drug play an important role in predicting experience of 

emotions.

Relatively tight versus looser binding drugs and emotional experience
For tight-binding agents (haloperidol, risperidone), the present study found increasing levels 

of D2 receptor occupancy to be associated with deteriorating emotional experience in the 

natural flow of daily life. These results extend previous laboratory findings, which associated 

higher D2 occupancy levels with worse emotional experience assessed with questionnaires 

in patients under antipsychotic treatment9, 13, 14.

Our findings, however, revealed no effect of D2 occupancy levels on experience of emotions 

in looser binding agent (olanzapine) users, indicating that loose- and tight-binding agents 

have differential effects on D2 occupancy related experience of emotions. Although several 

previous studies have found olanzapine to be superior to both haloperidol22, 30, 31 and 

risperidone22, 32, 33 with regard to emotional experience and quality of life, this superiority has 

not been confirmed in studies looking specifically at the effects of D2 receptor occupancy 

on experience of emotions9, 13, 14. Results from these experimental studies, however, might 

be hampered by the relatively low dosage of antipsychotic medication and associated non-

clinical levels of D2 occupancy9. Data from our study, performed in a naturalistic sample, 

suggest that not the overall level of emotional experience but, rather, the distribution of 

emotions as a function of D2 receptor occupancy might distinguish relatively tight from 

looser binding agent users.

We were not able to replicate the 60-70% D2 occupancy window of optimal experience of 

reward, found in haloperidol and olanzapine treated patients by De Haan et al.9. However, 

since the vast majority of estimated patient D2 occupancy levels were well above the upper 

border of this window, the current results do not rule out its existence. They only imply that 

it might not be detectable in a naturalistic sample of treated patients.

Differences between tight and looser binding agents: what is the 
mechanism?
Blockade of the D2 receptor by antipsychotics is considered to attenuate the motivational 

salience of not only psychotic symptoms5 but also other experiences and thoughts and 
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may, therefore, equally affect the dopaminergic reward system4. The more loose-binding 

mechanism of olanzapine, as opposed to the stringent binding mechanism of haloperidol and 

risperidone, allows more brief temporal binding of endogenous dopamine to the occupied 

D2 receptor. Endogenous dopamine released in response to, for instance, emotional activity 

might, therefore, be more capable of impacting on the dopaminergic motivation and reward 

system in loose-binding agent users compared to tight-binding agent users22. Kapur and 

Seeman34 have argued that this very mechanism of dissociation from the D2 receptor, rather 

than the affinity at serotonine or other receptor sites, determines a drug’s atypicality. 

The observed difference in subjectively experienced side-effects between olanzapine and 

risperidone agent users in the current study may reflect a similar mechanism. Although both 

atypical antipsychotics, they differ in terms of dissociation from the D2 receptor. Similarly, 

this might explain the reported difference between tight- and loose-binding agents. Looser 

binding agents, through their mechanism of fast dissociation, may be able to maintain a 

certain level of well-being, even at high doses of the compound whereas the insensitivity 

to endogenous dopamine associated with tighter binding agents may increasingly affect 

reward and emotional experience as dosage increases.

Nevertheless, blockade of 5-HT serotonin receptor sites has been suggested to be associated 

with a decrease in secondary negative symptoms35-38, and emotional experience may have 

been partly influenced by differences in 5-HT receptor occupancy between tight- and loose-

binding agent users. However, Kapur et al.39 showed that clinical doses of both risperidone 

and olanzapine resulted in 100% 5-HT2 receptor blockade, thus suggesting that occupancy 

of the serotonin receptors does not differentiate risperidone from olanzapine users. The 

differential effects of risperidone and olanzapine on emotional experience, as found in our 

naturalistic sample, are thus more likely explained by differential dissociation from the D2 

receptor rather than occupancy of the serotonin receptor. Nonetheless, it is arguable, that 

the differential affinity for 5-HT between haloperidol and olanzapine might have influenced 

the observed differences in emotional experience between tighter and looser binding agent 

users. However, the current literature does not indicate superiority of serotonin blocking 

antipsychotics over the pure dopamine antagonist haloperidol for regulating or alleviating 

depressive or negative symptoms40-42. Furthermore, Kapur and Seeman34 have shown that, 

unlike D2 receptor modulation, the mechanism of serotonin receptor antagonism is neither 

necessary nor sufficient in producing ‘atypical’ effects, suggesting that actions at the D2 

receptor might be more closely related to emotional well-being.
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Confounding of symptom severity or EPS
Given that patients with more severe symptomatology might receive higher doses of 

medication43, the observed decline in emotional experience in tighter binding agent users 

may occur as a consequence of more severe psychopathology rather than of increased D2 

receptor occupancy. For high-dose-treated patients, decreases in positive affect indeed 

appeared to be largely imbued with the burden of severe symptomatology. For average-

dosed patients, however, the decrease in positive affect did not necessarily occur collaterally 

with an increase in symptoms. The experience of negative affect, on the other hand, could 

in no case be explained by increased symptom levels. The inability to generate positive 

affect, thus, seems as much a consequence of D2 receptor occupancy as of psychopathology, 

whereas the induction of negative affect in high-dose treated patients appears to originate 

predominantly from occupancy of the D2 receptor. Interestingly, the ability to generate 

positive affect is “first” affected, at lower levels of D2 occupancy.

Since high D2 receptor occupancy levels are associated with increased severity of EPS22, 

feelings of negative emotional experience might be induced by the occurrence of these 

side-effects. EPS are considered to become evident at occupancy levels above 78%44. The 

tighter binding agent users, however, already experienced decreased feelings of positive 

affect at estimated D2 occupancy levels below 78%, suggesting that differences in EPS may 

explain part, but not all of the observed variation in subjective response. These findings 

are in line with results from Garcia-Cabeza et al.22 who found that, although being a major 

contributor to negative subjective response, EPS could not completely explain variation in 

emotional experience.

Clinical implications
Subjective response to medication has long been neglected both in clinical routine and 

in clinical trials of potential antipsychotic agents17. Symptom reduction and occurrence 

of extrapyramidal symptoms have long been regarded the main indicators of therapeutic 

outcome8. However, ongoing developments in medication research have led to increased 

attention for subjectively experienced side-effects8. Results from our study underline the 

importance of the assessment of these subjective effects, since the antidopaminergic 

effect of antipsychotics appears to cause deterioration in well-being not necessarily related 

to symptom levels or EPS, particularly evident in more tight-binding agent users. Most 

importantly, changes in emotional experience already occur in response to relatively low 

levels of D2 receptor occupancy and might, therefore, act as a more sensitive and earlier 
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indicator of adverse effects than the occurrence of EPS at 78% D2 receptor occupancy44. 

The assessment of emotional experience gains additional relevance when considering that, 

next to symptom reduction and EPS, experience of emotions has been shown to be strongly 

associated with medication compliance and illness prognosis16, 17, 45. We, therefore, argue 

that assessment of emotional experience should become part of standard assessment in 

both clinical routine and medication trials.

It is important to note that we used only one compound with a loose-binding profile and 

only two compounds with a tighter binding profile. Since the pattern of dissociation from 

the D2 receptor is a continuous measure, the results may increase or decrease for drugs 

with an even looser or tighter binding potential. However, the current results suggest that 

the distinction between drugs that bind tighter and drugs that bind looser than dopamine 

to the dopamine D2 receptor is clinically relevant, as has been found earlier in relation to 

Parkinsonism20.

Strengths and limitations
Strengths of the study are the naturalistic approach, the sample size and the use of 

momentary assessment technology to investigate emotional experience in the realm of 

daily life. Applying the Experience Sampling Method has made it possible to investigate 

subtle, but meaningful changes in both positive and negative affect related to clinically 

dosed antipsychotic medication in a large sample of patients in a real world environment. 

Limitations are first that no actual D2 occupancy data were used but, rather, occupancy 

was estimated based on the literature. Large metabolic interindividual variety has been 

found in occupancy of D2 receptor sites9, as well as intraindividual variety related to decay 

of the antipsychotic agent over time. This may induce noise in the D2 occupancy variable. 

However, we expect the error term to be random, since intraindividual- and interindividual 

variability have been found for all agents under investigation. Therefore, it may decrease the 

power to find a meaningful association, but it is unlikely to provide spurious associations. 

In addition, we have optimized the accuracy of the estimation, by basing it on a large 

collection of published observations from the literature (see Appendix). Nonetheless, the 

lack of direct D2 occupancy measures calls for conservative interpretation of the data. 

Second, since the current study has investigated only three agents, of which only one is 

considered to bind loosely to the D2 receptor, conclusions regarding the mechanism of 

loose- and tight-binding should not be generalized. Third, although EPS are assumed to 

become evident only at occupancy levels above 78%, and therefore cannot fully explain 
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variation in emotional experience, the lack of direct EPS assessments cannot certify that 

the observed associations between affect and D2 receptor binding are truly unconfounded 

by variation in EPS. Fourth, subjective reports are considered less reliable, although not 

necessarily less valid than objective measurements46. Fifth, the current study used ESM, a 

daily-life assessment technique in which subjects have to comply with a paper-and-pencil 

diary protocol without the researcher being present. Recently, some authors have put doubt 

on the reliability and subject compliance in paper-and-pencil ESM studies, favoring the use 

of electronic devices47. However, in a comparative study, Green and colleagues concluded 

that both methods yielded similar results48. In addition, a recent study by our group using 

a signal-contingent random time sampling procedure with multiple observations per day 

– such as the protocol used in the current study – also found evidence underscoring the 

validity of the paper-and-pencil random-time self-report data in the current study49.
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Table 1 | Sociodemographic characteristics of the sample and concomitant psychotropic medication use.

Characteristic

Tight-binding 

agent

haloperidol users 

Tight-binding 

agent

risperidone users

Loose-binding 

agent

olanzapine users

Age (y; mean (SD))
37.5 (8.1)

ranges 20-60

31.7 (8.6)

ranges 18-52

33.7 (11.8)

ranges 19-63

Gender (n)
Male 27 23 29
Female 12 12 6

Level of education (%)
Elementary school 21 33 16
Secondary school 16 52 18
Higher education 63 15 66

Work situation (%)
Household 5 3 0
School/education 0 6 3
Regular job 7 3 3
Ill > 3 months 2 6 6
Pensioner 0 0 3
Unfit for work 59 60 66
Unemployed 10 17 11
Sheltered work 17 5 8

Marital status (%)

Married or cohabitating 22 14 13
Divorced 19 0 11
Never married 59 86 76

Inpatient status (%) 39 49 46
Outpatient status (%) 61 51 54

Medication type (n)
Depot 16 1 1
Oral 23 34 34

Concomitant psychotropic medication (n)
Antidepressants 0 2 2
Mood stabilizers 0 0 1
Antiparkinson medication 6 4 1
Anxiolytics 0 3 3
Tranquilizers 0 3 2
Antimigraine medication 1 0 0

Total (%) 18 34 26
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Table 2 | Mean (SD) values and t-test statistics of psychopathology, symptoms, independent, and dependent

variables for tight-binding agent users and loose-binding agent users.

Tight-binding agent

(haloperidol and risperidone) 

users, mean (SD), n=74

Loose-binding agent

(olanzapine) users,

mean (SD), n=35 t107 p

Psychopathology
BPRS totala 1.8 (0.5) 1.9 (0.5) -0.92 .192
BPRS depressionb 2.3 (0.1) 2.6 (0.2) -1.26 .106
BPRS psychosisc 1.8 (0.1) 2.0 (0.1) -1.26 .106

Symptoms
Momentary hallucinationsd 1.9 (1.5) 1.9 (1.3) -0.28 .389
Momentary delusionsd 2.2 (1.4) 2.1 (1.0) 0.33 .369

Independent variable
D2 occupancy (group average) 72.0 (16.2) 61.7 (14.7) 3.19 .002

Dependent variables
Positive affectd 4.6 (1.2) 4.5 (1.0) 0.38 .369

Negative affectd 2.0 (1.1) 2.1 (0.9) -0.68 .271
a Group average of the mean score on all 24 BPRS items.
b Group average of the mean score on the items that form the BPRS depression scale.
c Group average of the mean score on the items that form the BPRS psychosis scale.
d For each subject, a mean was calculated over all reports, and the mean per subject was additionally aggregated 

over the group to obtain the group mean (SD).

BPRS = Brief Psychiatric Rating Scale.
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Figure 1 | Increasing theoretical estimates of D2 receptor occupancy, divided in tertiles, are associated 

with a decrease in mean scores on the positive affect self-assessment Likert scale and an increase in 

mean scores on the negative affect self-assessment Likert scale in tight-binding agent users.
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Appendix

Theoretical estimates of D2 receptor occupancy were obtained by fitting agent-specific 

hyperbolic functions, defined as D2 receptor occupancy = Occmax x [administered daily 

dose/(administered daily dose + ED50)]1, to mean dose-occupancy values calculated from 

previous literature. ED50 is the dose predicted to theoretically provide 50% of maximum 

receptor occupancy, and Occmax was replaced by 100, assuming that all of the tracer used to 

investigate D2 occupancy can be replaced by endogenous dopamine2.

We screened the PubMed database for published studies reporting dose-D2 occupancy 

data for the agents olanzapine, risperidone, and haloperidol, by using combinations of 

the following keywords: “olanzapine”, “risperidone”, “haloperidol”, “occupancy”, and 

“schizophrenia”. Only papers reporting individual dose-occupancy data points, rather than 

group averages, were included and further screened for additional literature. Animal studies 

were not included. Qualitative criteria were utilized to weight data from these studies: (i) 

sample size > 10, (ii) investigation of D2 receptor occupancy in striatal areas, (iii) patient 

sample consisting of patients diagnosed with schizophrenic disorder. Data from papers 

fulfilling all three criteria received a weight factor of 2 in the calculations, whereas papers 

that did not, received a weight factor of 1 (Figures 2-4). This search strategy led to a total of 

24 papers, with 10 papers (n=99) reporting dose-occupancy measures for olanzapine users1-

10, 9 papers (n=84) reporting dose-occupancy measures for risperidone users2, 10-17, and 5 

papers (n=33) reporting dose-occupancy measures for haloperidol users3, 9, 10, 18, 19. 

Dose-occupancy measures extracted from these papers were used to calculate theoretical 

estimates of ED50 for haloperidol, risperidone, and olanzapine, resulting in the following 

hyperbolic formulas (see also Figures 2-4):

Haloperidol:

theoretical estimate of D2 receptor occupancy =  

Risperidone:

theoretical estimate of D2 receptor occupancy = 

Olanzapine:

theoretical estimate of D2 receptor occupancy = 

daily dose

(daily dose + 1.75)
100%  x

daily dose

(daily dose + 1.43)

daily dose

(daily dose + 7.35)
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These functions were then applied to individual subject medication data extracted from the 

ESM medication forms (see Methods), in order to predict occupancy estimates from daily 

medication dose for each individual subject.

Figure 2 | Theoretical estimation of D2 receptor occupancy, with estimated dose-

occupancy function displayed for the agent haloperidol.a

a Curve fitting was based on weighted mean values of dose-occupancy data 

extracted from the literature (dots). White dots represent data points that 

received a weight factor of 2 for the calculation of mean values, whereas data 

represented by black dots received a weight factor of 1.

Figure 3 | Theoretical estimation of D2 receptor occupancy, with estimated dose-

occupancy function displayed for the agent risperidone.a

a Curve fitting was based on weighted mean values of dose-occupancy data 

extracted from the literature (dots). White dots represent data points that 

received a weight factor of 2 for the calculation of mean values, whereas data 

represented by black dots received a weight factor of 1.
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Figure 4 | Theoretical estimation of D2 receptor occupancy, with estimated dose-

occupancy function displayed for the agent olanzapine.a

a Curve fitting was based on weighted mean values of dose-occupancy data 

extracted from the literature (dots). White dots represent data points that 

received a weight factor of 2 for the calculation of mean values, whereas data 

represented by black dots received a weight factor of 1.
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Abstract

Objective: Blockade of the dopamine D2 receptor is a key mechanism in the antipsychotic 

treatment of patients with a psychotic disorder, but may also induce emotional deficits. 

The partial D2 agonistic profile of aripiprazole has, therefore, been suggested to favor 

emotional well-being compared to the pure dopamine antagonistic properties of traditional 

antipsychotics. 

Method: The current study used the Experience Sampling Method (a structured diary 

technique) to assess the effects of switching from treatment with traditional dopamine 

antagonist antipsychotics to treatment with the partial dopamine agonist aripiprazole on 

emotional well-being, in the daily life of 13 patients with a diagnosis of schizophrenia.

Results: More than half of all patients experienced exacerbation of psychotic symptoms 

after they had switched to the aripiprazole medication regime, consequently resulting in 

drop-out of the study. Furthermore, switching to aripiprazole treatment, when effective in 

terms of symptom reduction, was accompanied by decreased feelings of both positive and 

negative affect in daily life, suggestive of a general state of emotional dampening. 

Conclusion: Although the scale of the current study and the 54% drop-out rate call 

for careful interpretation of these data, implementation of ecological monitoring in 

psychopharmacological research may open up new avenues for untangling the working 

mechanisms of compounds with regard to their impact on mental states.
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Introduction

Blockade of the dopamine D2 receptor is a key mechanism in the antipsychotic treatment of 

patients diagnosed with a psychotic disorder, but has also been associated with emotional 

impairments1-3. Evidence for a negative impact of D2 blockade on emotional experience, 

however, has been based mainly on results from data collected with medication-related, 

cross-sectional questionnaires in semi-experimental environments, lacking ecological validity. 

In a previous study (see Chapter 5)4 the association between D2 receptor occupancy and 

experience of emotions in daily life reality was investigated using the Experience Sampling 

Method (ESM), a fine-grained momentary assessment technique for collecting emotional 

experiences in the flow of daily life5, 6. Results from this study showed that occupancy of the 

D2 receptor, occasioned by the antipsychotics haloperidol and risperidone, was associated 

with impaired emotional experience4.

In the current experiment, the same method was used to investigate the effects of 

aripiprazole treatment on psychotic symptoms and emotional experience in a sample of 13 

patients with schizophrenia who were switched from treatment with traditional dopamine 

antagonist antipsychotics to treatment with the partial dopamine agonist aripiprazole. 

Aripiprazole has been shown to be adequate in reducing psychotic symptoms7 and may, 

because of its partial D2 agonistic properties, have preferential effects on the dopaminergic 

motivation and reward system compared to pure dopamine antagonist antipsychotics, 

possibly resulting in a different subjectively experienced side-effects profile. Indeed, despite 

very high levels of D2 occupancy, aripiprazole treatment has been associated with better 

scores on the Subjective Well-being under Neuroleptics (SWN) scale compared to traditional 

D2 antagonist antipsychotics8. The current study aimed at adding ecological validity to these 

results by monitoring emotional experience and psychotic symptoms in daily-life reality.

Methods

Sample
The sample consisted of 13 patients with a diagnosis of schizophrenia, displaying insufficient 

therapeutic response to antipsychotic treatment. Inclusion criteria were (i) age 18-65 years; 

(ii) sufficient command of the Dutch language to understand instructions and informed 

consent; (iii) DSM-IV9 diagnosis of schizophrenia, generated with the OPCRIT computer 
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program10; and (iv) current use of traditional dopamine antagonist antipsychotic. Exclusion 

criteria were (i) hospitalization within two months prior to study entry; (ii) endocrine, 

cardiovascular, or brain disease; (iii) history of neuroleptic malignant syndrome; and (iv) 

pregnancy or lactation (women only).

The procedures followed in this study were in accordance with the ethical standards of 

the local institutional committee on human experimentation. After complete description 

of the study to the participants, signed informed consent was obtained. Stop criteria were 

formulated if patients requested to stop for any given reason, or the investigator or treating 

physician was concerned about the safety of the patient.

Study design
At study entry (T0), while continuing use of traditional dopamine antagonist medication as 

prescribed by their psychiatrist, subjects received a digital wristwatch and a set of ESM self-

assessment forms collated in a booklet for each day. Ten times a day on 6 consecutive days, 

the watch emitted a signal (beep) at unpredictable moments between 7:30 a.m. and 10:30 

p.m. After each beep, subjects were asked to stop their activity and fill out the ESM self-

assessment forms previously handed out to them, collecting reports of psychopathology 

and emotional experience. Subjects were asked to complete their reports immediately 

after the beep, thus minimizing memory distortions, and to record the time at which they 

completed the form.

After completion of the 6-day assessment, aripiprazole treatment was initialized in dosages 

of 15-30 mg a day, titrated against clinical response. Simultaneously, dosage of previously 

prescribed antipsychotic medication was gradually reduced over a three-week period, to be 

discontinued altogether at the start of the fourth week of aripiprazole administration. After 

five weeks of aripiprazole treatment, subjects again completed a 6-day ESM-assessment 

(T1), while continuing aripiprazole therapy. No additional antipsychotic medication was 

administered during this final treatment phase. 

In order to estimate whether antipsychotic dosage increased or decreased after the treatment 

switch to aripiprazole, all antipsychotic medication dosages were additionally recalculated 

into chlorpromazine equivalent terms11. Throughout the study, any change in prescribed 

concomitant medication was discussed with the principal investigator and registered.
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Emotional experience
Emotional experience was assessed with 4 positive affect items and 7 negative affect items 

rated on 7-point Likert scales (rating from not at all [=1] to very [=7]), derived from the ESM 

booklets as described above. Mean scores on the items “I feel cheerful”, “I feel relaxed”, “I 

feel satisfied” and “Overall, I am feeling well” (Cronbach’s alpha = .83) constituted the positive 

affect (PA) scale. The negative affect (NA) scale consisted of mean scores on the items “I feel 

insecure”, “I feel lonely”, “I feel anxious”, “I feel down”, “I have difficulty concentrating”, “I 

feel angry”, and “I feel guilty” (Cronbach’s alpha = .85).

Psychotic symptoms
Symptomatology was assessed with 8 psychosis items, rated on 7-point Likert scales (rating 

from not at all [=1] to very [=7]): “I feel suspicious”, “My thoughts are influenced by others”, 

“My thoughts can’t be expressed in words”, “I can’t get these thoughts out of my head”, “I 

feel unreal”, “I hear voices”, “I see things that aren’t really there”, “I’m afraid I’ll lose control” 

(Cronbach’s alpha = .81). Symptom severity was additionally assessed at T0 with the Brief 

Psychiatric Rating Scale (BPRS)12.

Statistical analyses
For each ESM-report, the time at which subjects indicated they completed the report was 

compared to the actual time of the beep. All reports completed more than 15 minutes 

after the signal were excluded from the analysis. Previous work has shown that reports 

completed after this interval are less reliable and consequently less valid5. For the same 

reason, subjects with less than 20 valid reports at either T0 or T1 were also excluded from the 

analyses. T0 data from subjects that dropped out of the study at T1 were not included in the 

analyses. All analyses, therefore, were performed on the subject sample that had completed 

both T0 and T1 assessments.

Multilevel linear regression analyses, using the XTREG procedure in STATA release 10.013 

were conducted with aripiprazole treatment as independent dichotomous variable (0 = T0 

– pre medication switch to aripiprazole; 1 = T1 – post medication switch to aripiprazole), 

and NA, PA, and psychosis as dependent variables, in three separate models, with sex and 

any change of concomitant medication (entered as dummies of the respective medications) 

added as covariates. 
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Results

Subjects
Sociodemographic characteristics of the sample, and details on antipsychotic and 

concomitant medication use are summarized in Table 1, and Table 2, respectively.

After five weeks of aripiprazole treatment, 6 of the initial 13 patients again completed a 6-

day ESM-assessment (T1), while continuing aripiprazole therapy. At T0, these 6 subjects had 

received olanzapine (n=3), pimozide (n=1), haloperidol (n=1) or quetiapine (n=1) treatment. 

After recalculation of medication dosages in chlorpromazine equivalent terms, 4 of these 

subjects received relatively lower dosages of antipsychotic after the switch to aripiprazole 

therapy, whereas the remaining 2 subjects received relatively higher chlorpromazine 

equivalent dosages after being switched to aripiprazole.

Seven patients experienced exacerbation of psychotic symptoms after they had been 

switched to the aripiprazole medication regime, leading to discontinuation of aripiprazole 

treatment and drop-out of the study at T1. No instance of drop-out was related to patients 

being unable to comply with the ESM protocol. This was supported by high compliance 

rates at T0 for both those who completed treatment (44 reports [73%], SD = 7.9%) and those 

who dropped out (42 reports [70%], SD = 2.9%; t(df=11) = -0.68, 95% CI [-9.10; 4.81], p = .512). 

Furthermore, mean total baseline BPRS scores did not significantly differ between those 

who completed treatment and those who dropped out (see Table 1).

In addition, compliance rates at T1 for those who completed treatment were high and similar 

to those observed at T0 (44 reports [73%], SD = 4.8%).

Effect of switching to aripiprazole therapy on subjectively experienced 
symptoms and emotions
The results are summarized in Figure 1. Multilevel linear regression analysis showed a main 

effect of aripiprazole treatment on psychosis (β=-.38 [SE=.064], p=.001), with lower levels 

of psychotic symptoms after the start of aripiprazole treatment, supported by a significant 

decrease in mean total BPRS score (Mean(T0)=37.7 [SD=17.2]; Mean(T1)=34.2 [SD=17.9]; 

t(df=5)= 3.42, 95% CI [0.87; 6.13], p=.019). Additionally, a decrease in feelings of both positive

(β=-.26 [SE=.117], p=.027) and negative affect (β=-.50 [SE=.072], p=.001) became apparent 

after the start of aripiprazole treatment. All analyses were corrected for gender and 

concomitant medication change.

Ch
ap

te
r 

6 
153



Discussion

The findings of the current study, first, indicate that switching patients with schizophrenia 

from treatment with traditional dopamine antagonist antipsychotics to treatment with the 

partial dopamine agonist aripiprazole increases risk of psychotic exacerbation, even when 

switching is performed gradually by tapering off previous antipsychotics over a three-

week period. More than half of the patients included in the current study experienced 

exacerbation of psychotic symptoms after being switched to the aripiprazole medication 

regime, a phenomenon that has been described in previous reports14-16. As suggested by 

Adan-Manes and Garcia-Parajua14, chronic administration of dopamine antagonists, in these 

patients, may have induced hypersensitivity to the agonistic effects of aripiprazole, resulting 

in a worsening of psychotic symptoms in response to aripiprazole treatment. Although it 

can be argued that aripiprazole dosage in the current study was well above the established 

clinical optimum of 10 mg/day17, clinical response to aripiprazole has not been shown to 

decline with increasing dosage18.

Secondly, the current findings suggest that, when effective in terms of reducing psychotic 

experiences, switching from a traditional D2 antagonist antipsychotic medication to the 

partial D2 agonist aripiprazole results in a decrease in both positive and negative affect, 

suggesting the induction of emotional dampening in the context of daily life. Previous 

studies have suggested that the partial dopamine agonistic properties of aripiprazole, as 

opposed to the dopamine antagonistic properties of other antipsychotics, have a more 

favorable effect on subjectively experienced side-effects8, 19, 20. These studies, however, 

lack ecological validity, since emotional experiences were assessed retrospectively and 

globally using cross-sectional instruments. The current study assessed emotional states in 

the reality of daily life, thereby allowing examination of more subtle changes in emotional 

experience. Therefore, although conceptualized as a ‘dopamine system stabilizer’21, 22, the 

current findings of emotional dampening suggest that aripiprazole may nonetheless induce 

behaviorally relevant inhibition of the dopamine-regulated reward system23, 24. Although 

it is arguable that these effects may have been purely due to an increase in D2 receptor 

occupancy related to administration of relatively high dosages of aripiprazole in the current 

study, recalculation of medication dosages in chlorpromazine equivalent terms indicated 

that the majority of subjects in fact received relatively lower dosages of antipsychotic when 

switched to aripiprazole therapy. Furthermore, as shown by Mizrahi and colleagues8, the 

effects of aripiprazole on subjective well-being do not appear to be mediated by D2 receptor 
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occupancy levels.

It should be noted that actions at 5-HT serotonin receptor sites have been implicated in 

emotion regulation in depression and schizophrenia25-27 and changes in emotional experience, 

therefore, may have been partly influenced by changes in 5-HT receptor occupancy as a 

consequence of the switch to aripiprazole treatment. However, Kapur and Seeman28 have 

argued that, unlike D2 receptor modulation, the mechanism of serotonin receptor antagonism 

is neither necessary nor sufficient in producing ‘atypical’ effects, suggesting that actions at 

the D2 receptor might be more closely related to emotional well-being.

It must be acknowledged that the scale and naturalistic setting of the current study, and the 

54% drop-out rate call for careful interpretation of the data, and replication of the findings 

in larger, randomized controlled studies. Nonetheless, we argue that implementation of the 

Experience Sampling Method in psychopharmacological research, as previously shown by 

Lataster and co-workers4, can form a novel and valuable tool for untangling the working 

mechanisms of compounds with regard to their impact on mental states. No instance of 

drop-out was related to patients being unable to comply with the ESM protocol, consistent 

with previous studies demonstrating that ESM-assessments are not restricted to small sub-

samples of relatively asymptomatic schizophrenia patients4, 5, 29. The addition of established 

subjective side-effects questionnaires (e.g., SWN30; SRA31) may help to validate subjectively 

experienced side-effects in future pharmacological ESM studies.
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Table 1 | Sociodemographic characteristics of the sample at T0 (‘baseline’).

Characteristic
Patients who 

completed 
treatment (n=6)

Patients who 
dropped out (n=7) Test-statistic p

Age (y; mean (SD))
34.1 (9.2)

(ranges 24-48)
30.4 (9.4)

(ranges 21-44)
-0.71a .490

Gender (n, %) 0.63b .429
Male 3 (50) 5 (71)
Female 3 (50) 2 (29)

Level of education (n, %) 0.93b .335
Secondary education 6 (100) 6 (86)
Bachelor degree 0 1 (14)

Work situation (n, %) 2.03b .363
Unemployed 1 (17) 0
Sheltered work 0 1 (14)
Unfit for work 5 (83) 6 (86)

Living situation (n, %)c 7.97b .047
Specialized psychiatric setting 0 3 (43)
With partner / family 1 (17) 1 (14)
With parents / relatives 1 (17) 3 (43)
Alone 4 (67) 0

BPRS total (mean (SD)) 37.7 (17.2) 31.9 (5.8) -0.84a .417
a t-value (comparing group means; two-sided p-value presented).
b Pearson’s χ2 (comparing categorical distributions between groups).
c Percentages do not total 100 because of rounding.
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Table 2 | Antipsychotic and concomitant medication use throughout the study (see text for details).

T0

(total n = 13)

T1

(total n = 6)
Antipsychotic

medication

Dosage

(mg/day)

Concomitant

medication

Antipsychotic

medication

Dosage

(mg/day)

Concomitant

medication

Patients who 

completed 

treatment 

(n=6)

#1 haloperidol 10 carbamazepine aripiprazole 15 carbamazepine

#2 olanzapine 10 venlafaxine aripiprazole 15 venlafaxine

#3 olanzapine 20 promethazine aripiprazole 15 promethazine

#4 olanzapine 20 none aripiprazole 15 none

#5 pimozide 2 biperiden aripiprazole 30 biperiden

#6 quetiapine 800 venlafaxine aripiprazole 30 venlafaxine

Patients who 

dropped 

outa (n=7)

#7 haloperidol 5 none - - -
#8 haloperidol 11 rosuvastatin - - -
#9 olanzapine 10 none - - -

#10 olanzapine 20 lorazepam - - -
#11 olanzapine 20 none - - -
#12 risperidone 4 none - - -
#13 zuclopentixol 6 carbamazepine - - -

a
 Drop-out at T1 due to exacerbation of psychotic symptoms after being switched to the aripiprazole medication 

regime.

Figure 1 | Reduced experience of subjectively rated psychosis, and positive and negative affect, after 5-week 

treatment with the partial D2 agonist antipsychotic aripiprazole, compared to previous antipsychotic treatment 

with traditional D2 antagonistic compounds.
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Summary and Discussion

The pioneering work of Myin-Germeys and colleagues1 launched behavioral 

reactivity to daily-life stress as vulnerability marker for psychosis. Subsequent 

studies have established stress reactivity as a useful endophenotype for 

examining psychosocial2-7, physiological8, 9, and genetic10-12 determinants of 

psychosis. Nonetheless, these studies have left several questions unanswered 

and raised many new ones. At the unavoidable risk of generating new 

uncertainties, the work presented in this thesis pursued at answering some 

of those questions, ultimately aiming at expanding our understanding of the 

putative link between stress and psychosis.

I

Sensitization: cause and effect

The research presented in the first part of this thesis aimed at examining causality of the 

behavioral sensitization mechanism13-15, suggested to underlie observations of increased 

sensitivity to daily-life stress in psychotic patients reporting a history of adversity2, 5. Exposure 

to adversity is hypothesized to have rendered these individuals more stress-sensitive, 

reacting progressively more psychotic in response to stress2, 13, 14, and eventually crossing the 

clinical threshold for psychotic disorder. This interpretation, however, is hampered by the 

cross-sectional design employed by the preponderance of studies on which the hypothesis 

is based; experience and reports of adversity cannot be excluded to be uncontaminated by 

the presence of psychotic symptoms or illness16. Although several methodologically strong 

prospective studies underline a definite role for stress and adversity in the pathogenesis of 

psychosis17-19, the possibility of interacting events in the stress-pathogen of psychosis has not 

been tested prospectively. The study presented in Chapter 2, therefore, used a longitudinal 

prospective design (n=3021) to examine whether the association between recent adversity 

and psychosis is moderated by exposure to previous adverse events, thereby providing 

the necessary but lacking causal perspective on the behavioral sensitization pathway to 
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Results from this study showed that experiences of early and recent adversity (i) were 

strongly correlated, and (ii) interacted additively in increasing the risk of psychosis. In 

addition, the findings were suggestive of a threshold effect, in that non-additivity between 

early and recent adversity in the model of psychotic symptoms was only observed at the 

level of severe recent adversity (≥10 recent adverse events). Importantly, the design of the 

study minimized the possibility of reverse causality, (re)active gene-environment correlation 

and reporting bias due to presence of psychotic symptoms or illness, and results were not 

reducible to urbanicity or cannabis use, other well established risk factors for psychosis20. 

Nonetheless, findings do not rule out the possibility of passive gene-environment correlation, 

i.e., adversity representing a marker of genetic risk for psychosis, rather than being a 

causative factor in the development of psychotic symptoms. This is unlikely, however, given 

that recent work has shown the association between trauma and psychotic symptoms to be 

equally strong across varying levels of genetic risk for psychosis21.

In line with the behavioral sensitization hypothesis and observations of increased sensitivity  

to daily-life stress in psychotic patients with a history of adversity2, 5, exposure to early

adversity enhanced sensitivity to the psychotogenic effects of recent adverse events 

(environment x environment interaction). Similar findings were reported in a recent study 

from Galletly and colleagues22, showing lifetime exposure to multiple adverse events, but not 

a single major trauma in childhood, to be associated with increased risk of later psychosis. 

Non-additivity between early and recent adversity, however, was not tested in their study. 

The findings from the study presented in Chapter 2, furthermore, suggest that exposure 

to early adversity increases risk of exposure to subsequent adverse events (environment–

environment correlation) which in turn increases risk for psychotic outcome.

Taken together, the work described in Chapter 2 of this thesis establishes causality of the 

behavioral sensitization model and, additionally, suggests that adverse events early in life 

predispose individuals to more frequently experience psychotogenic adversity later in 

life. These findings may provide, in addition to the issue of methodological inconsistency, 

a possible explanation for the conflicting results from previous studies on the association 

between life events and psychosis23. Since the current study found an association between 

recent adversity and psychosis to be moderated by early adversity, lack of attention to early 

life adversity in these studies may have contributed, in part, to imprecise results.
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Back to the future: diathesis-stress revisited

The diathesis-stress model24-26 states that psychotic symptoms will emerge whenever 

a threshold of stressors exceeds an individual’s vulnerability level. Although classic 

publications27, 28 conceptualize schizophrenia as a genetic vulnerability that converts 

into disease through environmental stress, the model advanced by Zubin and Spring25 

acknowledged, alongside ‘inborn’ (i.e., genetic) vulnerability, the possibility of ‘acquired’ 

(i.e., environmental) vulnerability. Nonetheless, encouraged by the categorical approach 

to psychopathology and the hunt for schizophrenia genes, the view of environmental 

effects acting as precipitants against a background of genetic vulnerability has continued 

to dominate the field. Although schizophrenia, indeed, appears to run in families largely 

for genetic reasons29, 30, findings from the study presented in Chapter 2 support the notion 

of ‘acquired’ vulnerability25, by implying that early environmental stress can also occasion 

enduring liabilities. Accordingly, the timing of the stressor may determine its position in 

the diathesis stress equation, i.e., the experience of psychosocial stress early in life may 

contribute to the diathesis for psychosis by accentuating the vulnerability state31, 32, whereas 

the cumulative impact of stressors occurring later in life may subsequently trigger psychotic 

expression32. In addition, the strong correlation between early and recent adversity that was 

observed in the study described in Chapter 2 indicates that both environment–environment 

correlation and environment x environment interaction may underlie the diathesis.

Although molecular geneticists have argued that environmental stress is common to many 

disorders and, as such, may not help in predicting the specific trajectory to psychotic disorder 

(e.g., Rosenthal28), molecular genetic studies are now also demonstrating that there is more 

overlap between the susceptibility genes for, e.g., schizophrenia and bipolar disorder than 

previously suspected33. Moreover, although the contribution of environmental stressors 

(e.g. childhood trauma) to psychosis risk has been convincingly replicated17-19, the last two 

decades of genetic research have provided several candidate schizophrenia genes but failed 

to consistently replicate them across or even within populations33. Therefore, as suggested 

by van Os and co-workers20 and underlined by the current findings, heritability may be of 

limited explanatory power unless viewed in the context of interaction with environmental 

effects.
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II

Moving forward: stress and prefrontal dopamine

Despite the apparent link between stress and psychosis, and suggested shared involvement 

of (abnormal) prefrontal dopaminergic neurotransmission34-37, the pertinent question 

of prefrontal dopamine involvement in the stress reactivity endophenotype of psychosis 

has remained unanswered. Rodents with prefrontal cortex lesions display increased 

amphetamine-induced striatal dopamine release38, 39, mirroring hyperreactivity of the

striatal dopamine system of psychotic patients in response to amphetamine40. Similarly, 

stress-induced dopamine release in mesolimbic brain regions is increased following 

depletion of dopamine in the rat prefrontal cortex41-43. These findings suggest mesolimbic 

dopaminergic neurotransmission to be attenuated by prefrontal dopamine release, given 

disruption of prefrontal control results in increased mesolimbic dopamine reactivity to 

stress and amphetamine, both instigators of psychotic symptoms1, 44.

Human studies investigating stress-induced changes in dopamine levels, however, have 

focused solely on striatal dopamine transmission36, 45, 46. As a result, the putative role of 

prefrontal dopamine in stress-regulation, and possible impairment thereof in psychosis, 

remain unclear. The second aim of the work presented in this thesis was, therefore, to 

(i) develop a study paradigm that enables investigation of in vivo dopamine release in 

human prefrontal cortex under stressful circumstances, and to (ii) investigate whether 

psychosocial stress is associated with in vivo dopamine release in human prefrontal 

cortex. In Chapter 3, a study is presented that used the novel and highly selective 

dopamine D2/3 PET radioligand [18F]fallypride47-52 to detect in vivo prefrontal dopamine 

release in healthy human subjects (n=12) in response to a laboratory stressor that 

attempted to emulate real-world social interactions (Montreal Imaging Stress Task; MIST)36.

The psychosocial stress challenge succeeded in eliciting stress not only at a physiological level 

(cortisol secretion), but also at the level of subjective experience, and induced detectable 

amounts of dopamine release throughout the prefrontal cortex. Moreover, dopaminergic 

activity in bilateral ventromedial prefrontal cortex (vmPFC) was positively associated with 

subjectively rated experiences of psychosocial stress.

The findings from the study presented in Chapter 3 (i) provide validation for the use of 

[18F]fallypride PET to detect in vivo dopamine neuromodulation in extrastriatal (cortical)

Ch
ap

te
r 

7 

166



brain regions in response to a psychological challenge; (ii) support the use of the

MIST paradigm to investigate neurobiological (dopamine) stress systems; (iii) confirm

(ventromedial) prefrontal cortex dopamine involvement in stress processing, thereby 

underlining that the dynamics of the dopamine-related stress response cannot be interpreted 

by focusing on mesolimbic brain regions alone.

Alterations in stress-induced prefrontal dopamine firing
– vulnerability marker for psychosis?

The finding that healthy subjects respond to a mild psychosocial stressor with increased 

levels of endogenous dopamine in the prefrontal cortex (Chapter 3), whereas a similar 

stressor in previous studies did not necessarily induce dopamine release in mesolimbic brain 

regions36, 45, 46, supports the hypothesis that prefrontal dopamine transmission attenuates 

stress-induced mesolimbic dopamine release41-43, 53. A possible function of this mechanism 

could be to protect the organism against the adverse consequences of stress on the brain, a 

loss of control of the prefrontal dopamine system rendering the mesolimbic dopaminergic 

system hypersensitive to stress. This is supported by the observation that psychotic 

patients, displaying increased sensitivity to stress1, 4, are characterized by ‘hypofrontality’ 

(i.e., declined prefrontal neural processing)54-57, and increased mesolimbic dopamine 

transmission40, 44, 58-67. However, although Myin-Germeys and colleagues8 reported psychotic 

reactivity to daily-life stress to be associated with – crudely estimated – hyperresponsivity 

of the dopamine system to metabolic stress in first-degree relatives of psychotic patients, 

direct in vivo evidence for an impaired attenuating function of the prefrontal dopamine 

system in psychosis is currently lacking, and, moreover, does not pertain to the context of 

stress reactivity. Therefore, as described in Chapter 4, we used the [18F]fallypride PET stress 

paradigm that was developed and validated previously (see Chapter 3) to examine, in a 

sample of healthy first-degree relatives of patients with a psychotic disorder (n=14) and 

control subjects (n=10), how the prefrontal dopamine stress-response pertains to the stress 

reactivity endophenotype of psychosis. 

Results from the study revealed that, whereas control subjects – in consonance with the 

findings presented in Chapter 3 – displayed positive associations between subjectively 

rated experiences of task-induced psychosocial stress and dopaminergic activity in bilateral 

ventromedial prefrontal cortex (vmPFC), first-degree relatives, conversely, displayed 
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negative associations between task-induced subjective experiences of psychosocial stress 

and vmPFC cortex dopamine activity. Moreover, although control subjects and first-degree 

relatives reacted equally psychotic to the laboratory stress challenge, increased psychotic 

reactivity to stress was associated with reduced prefrontal dopamine reactivity in first-

degree relatives, whereas no such association was observed in controls. Presuming impaired 

attenuation of the prefrontal dopamine system to be reflected by reduced prefrontal 

dopamine release in response to stress, and the experience of psychotic occurrences to 

be associated with increased mesolimbic dopamine firing44, these findings support a loss 

of control of the prefrontal dopamine system over stress-induced mesolimbic dopamine 

activity to underlie the stress reactivity endophenotype of psychosis. In order to clarify the 

interacting contributions of prefrontal and mesolimbic dopamine neurons in the psychotic 

stress response, however, future studies are needed that simultaneously monitor stress-

induced prefrontal and mesolimbic dopamine activity in patients diagnosed with a psychotic 

disorder.

Boulevard of broken dreams –  facing the walls of sensitization alley

Stress responsiveness of the dopamine system changes dramatically during development, 

stress-mediated changes in the dopamine system displaying a wider magnitude of effect 

during development than during adulthood68, 69. Moreover, the impact of developmental 

stress may be incorporated into the maturation of anatomy and function of the dopamine 

system, thereby determining set points for adult function of this system70. Childhood 

stress or adversity, thereby, can potentially have lasting effects on the adult dopamine 

stress system69. The system may become sensitized to stress13, 15 which may consequently 

increase the likelihood of stress-induced psychotic symptoms or illness. The findings 

reported in Chapter 2 of this thesis support the notion that exposure to stressful events 

early in life enhances sensitivity to the psychotogenic effects of later occurring stress, 

fitting sensitization theory13, 15 and previous observations of increased psychotic reactivity 

to daily-life stress in psychotic patients reporting a history of adversity2. In addition, the 

studies presented in Chapters 3 and 4 confirm previously36, 37, 71 suggested involvement of 

prefrontal dopaminergic neurotransmission in the human stress response, and aberrations 

therein in individuals vulnerable to psychosis8. More specifically, the findings suggest that 

psychosis may involve a loss of control of the prefrontal dopamine system over stress-
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induced mesolimbic dopamine activity, by showing that increased psychotic reactions to 

a laboratory stressor are associated with reduced in vivo prefrontal dopamine activity in 

individuals at familial risk for psychosis.

In animals, excessive stimulation of prefrontal dopamine neurons (e.g., by stress) temporarily 

puts the prefrontal cortex ‘off-line’72, 73, disrupting the attenuating control over subcortical 

brain regions, thereby rendering these regions hyperreactive to the environment and 

enabling them to dominate behavior. This mechanism may have survival value, since it 

enables the organism to automatically switch from complex, slow, prefrontally regulated 

behaviors to instinctive, fast behaviors (e.g., ‘fight’–‘flight’)74 guided by these subcortical 

brain regions when exposed to threatful, hence stressful situations75. Incorrect tuning of 

this mechanism, however, may render the organism hyper- or hyporesponsive to stress. The 

findings presented in Chapter 4 of this thesis suggest that individuals vulnerable to psychosis 

may be prone to stress-induced ‘overload’ of the prefrontal dopamine system, thereby 

possibly losing attenuating control over mesolimbic dopamine regions and increasing the 

likelihood of psychotic reactions to stress. In addition, observations of increased stress-

induced mesolimbic dopamine signaling in animals behaviorally sensitized  to stress72, 76-78, 

and in individuals exposed to early life adversity36 suggest that repeated exposure to stress 

may additionally induce or accentuate a shift in balance of frontal-subcortical dopamine 

stress signaling toward increased stress reactivity of mesolimbic dopamine neurons.

Taken together, findings from Chapters 2 to 4 of this thesis suggest that (innate) impaired 

attenuation of stress-induced mesolimbic dopamine firing by the prefrontal dopamine 

system, possibly mediated by repeated exposure to environmental stress, may represent 

an important vulnerability mechanism for psychosis (see Figure 1). Future challenges lie in 

further establishing the role of stress in disease causation, and illuminating the interplay 

between prefrontal and mesolimbic dopamine signaling therein.

Stress and the psychotic brain: interacting contributions?

There is evidence of reciprocal and augmenting interactions between dopamine neurons and 

the hypothalamic-pituitary-adrenal (HPA) axis79. Hyperactivity of the mesolimbic dopamine 

system, mediated by the experience of early life stress36, 80, may enhance HPA-activation 

to stress, the resulting hormonal response, in turn, augmenting dopamine release in the 

already hyperactive mesolimbic dopamine system. Given the proposed mediating role of
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Figure 1 | Proposed pathogenic mechanisms involved in the aetiology of psychosis, integrating findings from 

the studies presented in Chapters 2 to 4 of the current thesis. (Innate) impaired attenuation of stress-induced 

mesolimbic dopamine firing by the prefrontal (PFC) dopamine system, possibly mediated by (repeated) exposure 

to environmental stress, increases stress-responsiveness of mesolimbic dopamine neurons and thereby likelihood 

of psychosis through ‘aberrant salience’ (i.e., psychotic reactions) in response to stress.

dopamine in salience attribution81, a hyperactive state may cause ‘aberrant salience’ (the 

assignment of salience to otherwise unimportant stimuli), and fuel psychotic experiences, 

underlined by the observation of delusions and hallucinations being directly linked to 

hyperactivity of striatal dopamine receptors44. As reviewed by Moghaddam82, stress-

induced activation of the HPA-axis and dopamine system appears, in turn, to be modulated 

by prefrontal glutamate neurotransmission. Abnormal stress-activated dopamine Ch
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neurotransmission in prefrontal cortex or subcortical regions may, therefore, be secondary 

to cortical glutamatergic dysregulation. Conversely, cortical dopamine deficiency appears 

to disrupt the activity of prefrontal glutamatergic efferents to the ventral tegmental area 

and cause an exaggerated striatal dopamine response to stress, suggesting the attenuating 

function of prefrontal dopamine to be mediated by cortical glutamate neurotransmission83, 

84.

It appears unlikely that a loss of control of the prefrontal dopamine system over subcortical 

dopaminergic neurotransmission can solely and exclusively explain the diverse range 

of affective, psychotic and neurotic symptoms observed across the spectrum of stress-

pathology, particularly given the broad variety and, to some extent, paradoxality of dopamine 

anomalies observed across various stress-related disorders34, 85-88. Rather, a range of complex 

and diverse neural (patho)dynamics, involving multiple interacting neurotransmitter 

systems82, 85, 87-92 that are functionally shaped by unique genetic, neurodevelopmental and 

social environmental factors, direct the individual towards a specific behavioral phenotype. 

Future imaging studies are challenged with the daunting task of unraveling the neurochemical 

dynamics of stress processing in healthy humans and psychopathological populations that 

are characterized by disturbances in stress regulation. Nonetheless, findings from the studies 

presented in Chapters 3 and 4 of this thesis seem to suggest that impaired attenuation 

of mesolimbic dopamine by the prefrontal dopamine system may represent an important 

stress-vulnerability mechanism for psychosis.

III

To quit or not to quit: the patient’s perspective on medication 
adherence

The primary form of treatment for psychosis is pharmacological therapy. However, 

medication compliance forms a cardinal difficulty in the ongoing treatment of psychotic 

disorders – most patients will discontinue medication use within the first year of treatment93-

96. Given the overwhelming evidence for medication non-adherence being the most 

important risk factor for psychotic relapse97, it is paramount to increase our understanding 

of the mechanisms involved in discontinuance of psychopharmacotherapy.

Blockade of the dopamine (D2) receptor is necessary for antipsychotic action44, 98-100 but 

induces a range of burdensome effects, extrapyramidal symptoms (EPS; i.e., drug-induced Ch
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movement disorders)101 representing the best documented source of adversity. As a 

consequence, medication non-adherence has long been viewed in the light of such motor 

disturbances, in addition to a lack of clinical, i.e., antipsychotic, effect102. Recent studies, 

however, have identified subjective well-being as key determinant of medication compliance 

in schizophrenia95, 97, 103-106, patients and their psychiatrists displaying striking differences with 

regard to their perspectives on treatment satisfaction107.

Although the patient’s subjective response to antipsychotic medication represents an 

important and independent outcome measure, relevant for adherence and recovery103-105, 

108, it has remained poorly incorporated in clinical pharmacology. The studies presented in 

Chapters 5 and 6, therefore, aimed at elucidating the working mechanisms of antipsychotic 

compounds with regard to their impact on subjective mental states, adding ecological 

validity to previous evaluations of neuroleptic-induced subjective complaints103-108 by 

monitoring emotional well-being and psychotic symptoms in daily-life reality with the aid of 

the Experience Sampling Method (ESM)109, 110.

Enjoying life is all about loosening up: D2 receptor blockade and 
emotional well-being

Antipsychotic medication reduces psychotic symptoms through blockade of the dopamine 

D2 receptor98-100. However, although all antipsychotic drugs display some degree of D2 

receptor antagonism, the specific mechanism of occupancy is determined by the chemical 

profile of the individual agent111. That is, dopamine D2 antagonists, although all blocking 

the D2 receptor, differ in how strongly they compete with dopamine for occupancy of the 

D2 receptor112. Given that the dopaminergic system may also mediate the experience of 

motivational salience or reward113, 114, these differences in binding potential could result in 

differential effects on emotional well-being, supported by the observation that treatment 

with the more ‘tight’ binding agents haloperidol and risperidone is associated with more 

negative subjective medication effects than treatment with the more ‘loose’ or ‘rapid 

offset’ binding agent olanzapine115. The large naturalistic study described in Chapter 5 of 

this thesis aimed at adding ecological validity to these findings, by investigating whether 

tight (haloperidol and risperidone) and loose (olanzapine) binding D2 receptor antagonists 

differentially affected emotional experience in the daily life of 109 patients with a diagnosis 

of schizophrenia, taking into account overall levels of D2 receptor occupancy.
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Results showed that overall levels of positive and negative affect, experienced in the realm 

of daily life, did not differ between tight and loose binding agent users. However, for tight 

binding agents (haloperidol, risperidone), increasing levels of D2 receptor occupancy were 

found to be associated with deteriorating emotional experience in the natural flow of daily 

life, in line with previous laboratory findings116-118. Contrarily, no effect of D2 occupancy 

levels on experience of emotions was found in looser binding agent (olanzapine) users, 

indicating that loose and tight binding agents display differential effects on D2 occupancy 

related experience of emotions. As such, given that tight and loose binding agents showed 

overlap in terms of overall D2 receptor occupancy, not the overall level of emotional ill-being 

but, rather, the distribution of emotional experience as a function of D2 receptor occupancy 

distinguishes relatively tight from looser binding agent users.

Blockade of the D2 receptor by antipsychotics is considered to attenuate the motivational 

salience of psychotic symptoms114, but also the motivational salience of other experiences 

and thoughts and may, therefore, equally affect the dopaminergic reward system113. The more 

loose binding mechanism of olanzapine, as opposed to the stringent binding mechanism of 

haloperidol and risperidone, allows more brief temporal binding of endogenous dopamine 

to the occupied D2 receptor. Endogenous dopamine released in response to natural rewards 

might, therefore, be more capable of impacting on the dopaminergic motivation and reward 

system in loose binding agent users compared to tight binding agent users115. Whereas 

looser binding agents, through their mechanism of fast dissociation from the D2 receptor, 

may therefore be able to maintain a certain level of well-being, even at high doses of the 

drug, the insensitivity to reward-related endogenous dopamine release associated with 

more tight binding agents may increasingly affect motivation and emotional well-being 

as dosage increases. Kapur and Seeman119 have even argued that this very mechanism of 

dissociation from the D2 receptor, rather than the affinity at serotonine or other receptor 

sites, determines a drug’s atypicality. Importantly, changes in emotional experience, in the 

sample discussed in Chapter 5, already occurred in response to relatively low levels of D2 

receptor occupancy and might, therefore, act as a more sensitive and earlier indicator of 

adversity than the occurrence of EPS above 78% D2 receptor occupancy120.
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Aripiprazole – a new dawn in schizophrenia treatment?

As stated previously, both typical (first-generation) and atypical (second generation) 

neuroleptics achieve their antipsychotic effects through blockade of the dopamine D2 

receptor. Aripiprazole differs from all antipsychotics on the market, by exerting its effects 

through dopamine D2 partial agonism. Given that a partial agonist displays agonistic or 

antagonistic action, depending on the given concentration of a specific neurotransmitter 

(i.e., at low dopamine levels a D2 partial agonist will stimulate dopamine D2 receptors, 

whereas at high dopamine levels it will inhibit dopamine D2 receptors)121, aripiprazole holds 

promise as a ‘dopamine system stabilizer’122, 123. That is, rather than ‘shutting down’ the 

dopamine system, the partial agonistic properties of aripiprazole may stabilize dopamine 

activity in mesolimbic, -cortical and extrapyramidal pathways, thereby potentially reducing 

positive symptoms while minimizing motor and motivational or emotional side-effects.

Indeed, in addition to displaying a low propensity to induce EPS124, several studies have 

shown aripiprazole to be as effective as haloperidol and risperidone in reducing positive 

symptoms, while superior to haloperidol for improving negative and depressive symptoms122, 

123, 125-127. Moreover, despite very high levels of D2 occupancy, aripiprazole treatment has been 

associated with better scores on the Subjective Well-being under Neuroleptics (SWN) scale 

compared to traditional D2 antagonist antipsychotics128, indicative of a favorable subjective 

side-effect profile. The study described in Chapter 6, again, aimed at adding ecological 

validity to these findings by monitoring the subjective effects of gradually switching from 

treatment with traditional dopamine D2 antagonist antipsychotics to treatment with 

the partial dopamine agonist aripiprazole on emotional well-being, in the daily life of 13 

treatment-resistant patients with a diagnosis of schizophrenia.

Results showed, first, that more than half of all patients included in the study experienced 

exacerbation of psychotic symptoms after being switched to the aripiprazole medication 

regime, a phenomenon that has been described in other reports129-132. As suggested by 

Adan-Manes and Garcia-Parajua129, chronic administration of dopamine antagonists, in 

these patients, may have induced hypersensitivity to the agonistic effects of aripiprazole. 

Given that chronic D2 receptor blockade by dopamine antagonistic neuroleptics may elevate 

D2 receptor numbers133-137, and aripiprazole’s agonistic effects are positively associated with 

D2 receptor availability125, the combination of a hypodopaminergic state and increased D2 

receptor availability, in these patients, may have temporarily augmented dopaminergic 

activity, thereby worsening psychotic symptoms. 
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It should be pointed out that akathisia, occurring in response to aripiprazole treatment138 

and antipsychotic treatment in general, is frequently confused with other conditions139 and 

akathisia-related feelings of agitation or restlessness139, commonly reported by aripiprazole-

treated patients124, may have been misinterpreted as worsening of psychosis either by the 

clinician or by the patient himself. Either way, the findings presented in Chapter 6 underline 

the importance of a gradual and well-monitored switch program when considering 

aripiprazole treatment140, and may even argue against administration of aripiprazole in 

treatment-resistant patients chronically medicated with traditional dopamine antagonists.

Second, switching to aripiprazole treatment, when effective in terms of objectively and 

subjectively rated positive symptom reduction, was accompanied by decreased feelings 

of negative affect in daily life, possibly accounting for the drug’s previously reported 

antidepressant-like effects141, 142. However, in addition to a reduction in negative affect, 

patients switched to aripiprazole experienced decreased feelings of positive affect, 

suggestive of a general state of emotional dampening, possibly related to inhibition of the 

dopamine-regulated reward system113, 114.

Taken together, although theoretically a ‘dopamine system stabilizer’122, 123, ecologically 

valid findings from the naturalistic study described in Chapter 6 do not necessarily support 

the promised “Goldilocks”123, i.e., ‘just right’ effect of aripiprazole on the regulation of 

dopaminergic tone in patients with a diagnosis of schizophrenia. That said, interpretation 

of the results is considerably hampered by the study’s small scale and 54% drop-out 

rate. A growing body of literature seems to suggest that aripiprazole treatment is, in fact, 

well-tolerable and effective against the positive, negative, and cognitive symptoms of 

schizophrenia (see Stip and Tourjman143 for review), although data on treatment-resistant 

schizophrenia are currently scarce. Given the serious adverse effects (e.g., seizures144, 

myocarditis145 and agranulocytosis146) associated with clozapine treatment, the current drug 

of last resort for treatment-resistant schizophrenia140, objective and subjective effects and 

tolerability of alternative treatment options such as aripiprazole demand attention in future 

research.

In summary, the studies described in Chapters 5 and 6 of this thesis underline that 

implementation of the Experience Sampling Method in clinical pharmacology, as previously 

shown147-150 can form a novel and valuable tool for untangling the working mechanisms of 

compounds with regard to their impact on mental states.
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IV

Today’s science – tomorrow’s practice: clinical implications

“…Schizophrenia, it feels like it’s taken over me, and who I am as a person…”

(ua/ www.schizophreniadiaries.com)

Psychotic disorders remain among the most burdensome and intangible mental illnesses 

worldwide, dramatically affecting all aspects of human thought, emotion, and expression. 

There is no cure for chronic psychotic disorders such as schizophrenia. Receiving a diagnosis 

of schizophrenia, however, does not necessarily imply a life-sentence of ever-worsening 

symptoms and hospitalizations. Similar to a chronic medical condition like diabetes, 

schizophrenia can be treated and managed with proper medication and supportive therapies. 

Many patients with a diagnosis of schizophrenia are able to live and work independently, 

build satisfying relationships, and enjoy a meaningful life. Nevertheless, facing the daily 

terror of obscure forces, strange voices, and feelings of not being understood can make 

living with schizophrenia a lifelong battle, posing multiple challenges for patients, their 

loved ones, and mental health professionals.

“…All children have to be deceived if they are to grow up without trauma…”

(Kazuo Ishiguro)

As with many mental disorders, the causes of psychosis are poorly understood, although 

gene-environment interplay is suggested to play a central role in the aetiology of psychotic 

disorders20. The work presented in Chapter 2 of this thesis focused on the psychosocial 

environment, and supports evidence from previous studies17-19 suggesting that stressful or 

adverse psychosocial experiences, particularly repeated or cumulative traumata, are linked 

to the development of psychosis.

The apparent congruence between the form and content of psychotic symptoms and the 

nature of traumatic experiences suggests a causal link151-153, i.e., psychosis emerging as a 

reaction to trauma154, 155. Alternatively, however, psychotic symptoms may be viewed asCh
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being strongly related to the patient’s developmental history, and if this contains traumata, 

the patient will incorporate these in the formation of explanations for anomalous 

experiences155. Nonetheless, it has been suggested that the vivid flashbacks experienced 

by patients with Post Traumatic Stress Disorder (PTSD) can go on to develop into the 

hallucinations associated with psychosis156, 157. Furthermore, constant reliving of traumatic 

events through intrusive, vivid memories may instigate delusional beliefs and paranoid 

thoughts. Helping patients understand that some of their hallucinations and delusions are 

memory-based may increase coping ability and hence lessen the amount of distress these 

symptoms cause. Clinicians are often concerned, however, that PTSD-tailored therapies 

(e.g., Prolonged Exposure Therapy158; Stress-Inoculation Training159; Cognitive-Processing 

Therapy160; Eye Movement Desensitization and Reprocessing161), which are largely centered 

around ‘reliving the trauma’, may be detrimental and exacerbate symptoms in psychotic 

patients.

Moreover, despite high reciprocal occurrence of secondary psychosis in PTSD and PTSD in 

primary psychotic disorder, clinicians often neglect or fail to spot psychotic symptoms in 

patients with PTSD or, conversely, fail to consider a diagnosis of PTSD in patients recently 

recovered from a psychotic episode162. The latter, in part, attributable to clinician concerns 

that patients with psychotic distortions are not capable of rendering accurate or reliable 

trauma histories162. Consequently, patients exhibiting psychotic and PTSD symptoms are 

likely to be treated for either psychosis or PTSD alone. Mental health professionals and 

researchers are currently discussing the existence of a distinct type of psychosis that is 

trauma-induced, considering a separate diagnosis of ‘post traumatic stress disorder with 

secondary psychotic features’ that may advance the development of new treatments 

specifically meeting the needs of this patient group157.

“…It’s not stress that kills us, it is our reaction to it…”

(Hans Selye)

The observation that patients with a psychotic disorder react to minor daily stressors with 

increased intensity of psychotic experiences1, 4 possibly holds implications for treatment 

of the disorder. First, it underlines the importance of developing diagnostic tools that 

can be used to map the stress reactivity of individual patients (e.g., ESM)109, 110. Second, 

it implies that these patients might benefit from stress-reduction programs6, 163. Family 
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intervention programs, employing cognitive behavioral techniques and problem solving and 

communication trainings, aim at enhancing the stress coping ability within a patient’s social 

surroundings, and have been shown effective in terms of relapse prevention, hospitalization, 

treatment adherence, symptom reduction, and social functioning164-167.

Alternatively, individual patient intervention programs may aim at tackling the stress 

reactivity of the patient. Relaxation- and distraction-techniques, often imbedded within 

cognitive behavioral therapy168, have proven effective in reducing stress169-172 and improving 

well-being in chronic schizophrenia patients, although not necessarily in first-episode 

patients173. In addition, an innovative and promising ESM-based electronic monitoring 

and coaching system (PsyMate®)174 is currently being launched, offering the possibility to 

provide patients with real-time feedback on coping behaviors in the context of daily life. 

Finally, treatment protocols for other stress-related conditions or disorders (e.g., burnout, 

PTSD, Borderline Personality Disorder) may provide starting points for the development of 

new therapeutic interventions for psychotic disorders. 

The findings presented in Chapter 4 of the current thesis support a loss of control of the 

prefrontal dopamine system over stress-induced mesolimbic dopamine activity as possible 

neurobiological counterpart of previously observed1, 4 psychotic reactions to stress in the daily 

life of patients with a diagnosis of psychotic disorder. Regional disbalance of the dopamine 

stress response in psychosis – i.e., hyporeactivity of prefrontal dopamine neurons versus 

hyperreactivity of mesolimbic dopamine neurons – suggests that nonspecific dampening 

of the dopamine system will not achieve optimal therapeutic effects. In line with this view, 

pharmacological MRI studies (PhMRI) have found antipsychotic drugs that simultaneously 

enhance prefrontal brain activity while regulating, i.e., reducing, striatal functioning to 

display superior clinical efficacy in comparison to traditional dopamine blockers175. New 

in vivo imaging studies are needed, however, to elucidate how these findings relate to 

dopamine function. 

“…Antipsychotics even take the fun out of alcohol...”

(ua/ www.health-forums.com)

Although antipsychotic drugs have greatly improved the outlook for individual patients 

since their availability in the mid-1950’s176-181, patient adherence to prescribed antipsychotic 

medication is often dismal, greatly concerning clinicians, family members, and others Ch
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involved93-96. The ‘health belief model’182, originally advanced to elucidate adherence to 

vaccinations and preventive health care in general, may provide a helpful perspective on 

treatment adherence in patients with a psychotic disorder183. According to this model182, 

treatment adherence is determined by the patient’s assessment of the perceived benefits 

of treatment and risks of illness versus the costs of treatment (e.g., adverse effects; 

weight gain or other inconveniences; emotional or cognitive blunting; financial expense). 

Accordingly, in order to achieve optimal adherence, clinicians should attempt to understand 

the patient’s treatment goals, rather than solely pursuing the reduction of illness from a 

medical perspective. After all, mental health does not equal the absence of mental illness 

but, rather, encompasses the presence of well-being184. However, matters are complicated 

by the lack of insight that is characteristic of psychotic disorders, making patients unaware 

of their symptoms, the risk of relapse, and illness-related functional impairment.  

Results from the studies presented in Chapters 5 and 6 of the current thesis underline 

discrepancies between objective (clinician-observed) and subjective (patient-experienced) 

treatment effects. It appears, therefore, that antipsychotic efficacy is, above all, in the eye 

of the beholder. Given that no medication is effective unless taken183, and the importance 

of subjective treatment effects for medication adherence in schizophrenia95, 97, 104-106, the 

findings presented in Chapters 5 and 6 of this thesis argue for increased implementation 

of subjective treatment assessments in clinical practice, the Experience Sampling Method 

holding particular promise because of its accurate information retrieval and superior 

ecological validity110. 
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Samenvatting

Dit proefschrift, ‘Connecting the dots: new perspectives on stress and 

psychosis’, heeft tot doel meer inzicht te verschaffen in de veronderstelde 

samenhang tussen stress en psychose. Allereerst richt het zich daartoe 

op het ontleden van de vermeend oorzakelijke effecten van ingrijpende 

gebeurtenissen op het ontstaan van psychotische belevingen, onderzocht 

door middel van prospectief longitudinaal populatieonderzoek. Ten 

tweede worden aan de hand van hersenbeeldvormingstechnieken de 

neurotransmissiesystemen  bestudeerd die een sleutelrol krijgen toebedeeld in 

de menselijke stressverwerking, met als doel vast te stellen in welke mate een 

psychotische kwetsbaarheid zich manifesteert op het neurochemische niveau 

van stressverwerking. Ten slotte buigt het werk in dit proefschrift zich over de 

vraag welke invloed antipsychotische medicatie uitoefent op het emotionele 

welbevinden van patiënten met een psychotische stoornis, zoals gemeten 

binnen de realiteit van het dagelijks leven.

In Hoofdstuk 1 wordt het fenomeen psychose geïntroduceerd als een entiteit die, in 

tegenstelling tot de kraepeliaanse dichotomie tussen stoornis en geen stoornis, in de natuur 

als een continuüm lijkt te bestaan dat gradueel verloopt van gezondheid tot ziekte. Stress 

wordt daarbij reeds lang genoemd als belangrijke factor bij het ontstaan van psychotische 

ervaringen. Het kwetsbaarheid-stressmodel stelt dat mensen de ziektegrens passeren 

wanneer hun kwetsbaarheidsdrempel – een stabiele eigenschap die tussen personen 

verschilt – wordt overschreden door een opeenstapeling van stressvolle ervaringen. 

Personen met een verlaagde kwetsbaarheidsdrempel zullen volgens dit model minder goed 

in staat zijn om weerstand te bieden aan stress en eerder hierop reageren met psychotische 

symptomen, terwijl niet-kwetsbare individuen deze stress beter het hoofd kunnen bieden. 

Hoewel het kwetsbaarheid-stressmodel een heuristisch kader biedt voor het begrijpen 

van een psychose, is relatief weinig onderzoek verricht naar de precieze rol die stress 

speelt in het ontstaan van een psychose en de mechanismen die hieraan ten grondslag 

liggen. Duidelijk is, dat mensen met een psychotische kwetsbaarheid erg gevoelig zijn voor 
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stress, en hierop dan ook sterker reageren dan andere mensen. Hoewel deze verhoogde 

stressreactie enerzijds een genetische oorsprong lijkt te hebben, benadrukt het inleidende 

hoofdstuk dat deze anderzijds wordt gevormd door omgevingsinvloeden. Zo wordt de 

mogelijkheid naar voren geschoven dat blootstelling aan stressvolle omgevingen in de 

vroege levensjaren iemand gevoeliger kan maken voor latere stress en op die manier de 

formatie van psychotische ervaringen kan inleiden. Bewijs voor deze hypothese ontbreekt 

echter tot op heden. Daarnaast zijn de (neuro)biologische mechanismen onderliggend aan 

een verhoogde stressreactie bij mensen met een psychotische kwetsbaarheid onduidelijk. 

Hoewel blootstelling aan stress gepaard gaat met dopamine afgifte in de hersenen, en 

patiënten met een psychotische stoornis zich kenmerken door een verstoorde dopamine-

huishouding, is tot op heden onduidelijk welke rol het dopaminesysteem speelt in de 

stressgevoeligheid van patiënten met een psychotische stoornis. Ten slotte wordt in het 

inleidende hoofdstuk aandacht besteed aan de ogenschijnlijk paradoxale constatering dat 

de medicijnen die worden voorgeschreven om het welbevinden van de psychotische patiënt 

te verbeteren, door diezelfde patiënt vaak juist als een bron van ellende worden gezien. 

De studie beschreven in Hoofdstuk 2 had tot doel te toetsen in welke mate blootstelling 

aan ingrijpende, stressvolle gebeurtenissen vroeg in het leven mensen kwetsbaarder maakt 

voor de psychose-opwekkende effecten van latere stress. Hiertoe werd gebruik gemaakt van 

een prospectief longitudinaal populatie onderzoek, waarin meer dan drieduizend mensen 

werden gevolgd over een periode van circa tien jaar. Binnen die tien jaar werden zij drie 

keer geïnterviewd door getrainde psychologen die telkens nauwkeurig navraag deden naar 

ingrijpende, stressvolle gebeurtenissen en psychotische belevingen. Zo konden – door de 

tijd heen – de oorzakelijke invloeden van ingrijpende gebeurtenissen op het ontstaan van 

psychotische ervaringen worden getoetst.

Resultaten van deze studie lieten zien dat blootstelling aan een ingrijpende, stressvolle 

gebeurtenis vroeg in het leven zowel de kans op het meemaken van latere stressvolle 

ervaringen vergroot, als de waarschijnlijkheid van een psychose-opwekkend effect hiervan. 

Dit past binnen de hypothese dat blootstelling aan stressvolle omgevingen in de vroege 

levensjaren iemand gevoeliger kan maken voor latere stress en op die manier de formatie 

van psychotische ervaringen kan inleiden, een proces dat in de literatuur ook wel sensitisatie 

wordt genoemd.
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Hoewel deze bevindingen andermaal lijken te bevestigen dat het meemaken van stressvolle 

gebeurtenissen het risico op psychose verhoogt, blijft een essentieel element van het 

kwetsbaarheid-stressmodel, namelijk de interactie tussen een kwetsbaar persoon en zijn 

stressvolle omgeving, onbevraagd. Wat doet die stressvolle omgeving met deze persoon en 

welke mechanismen zorgen ervoor dat hij of zij dan ook effectief psychotische ervaringen 

ontwikkelt? De twee studies die worden gepresenteerd in Hoofdstuk 3 en 4 van dit 

proefschrift hadden als doel deze vragen te beantwoorden, waarbij het accent werd gelegd 

op de rol die neurotransmissie-systemen in de hersenen hierbij spelen.

De literatuur suggereert dat de communicatie tussen de prefrontale cortex en het   

zogenoemde mesolimbische systeem, die wordt gefaciliteerd door de neurotransmitter 

dopamine, een cruciale rol speelt in de stressverwerking bij mensen. Er wordt verondersteld 

dat de stress-gerelateerde activatie van dopamine-neuronen in de prefrontale cortex de 

mesolimbische dopamine afgifte – en daarmee de stress-beleving – reguleert. De dopamine 

transmissie in de prefrontale cortex wordt daarom ook wel als ‘stress-buffer’ beschouwd. 

Omdat herhaaldelijk is aangetoond dat patiënten met een psychotische stoornis zich 

karakteriseren door een ontremming van het mesolimbische dopaminesysteem, kan

worden gehypothetiseerd dat de buffer-functie van de prefrontale dopamine-neuronen 

bij hen is aangetast. Echter, weinig studies hebben de directe effecten van stress op het 

vrijkomen van dopamine bij mensen onderzocht, en bovendien delen deze studies de 

beperking dat hersenbeeldvormingstechnieken slechts sinds kort directe metingen van 

dopamine activiteit in corticale structuren, zoals de prefrontale cortex, toelaten.

De twee studies beschreven in Hoofdstuk 3 en 4 van dit proefschrift richtten zich daarom 

allereerst op het ontcijferen van de rol die het prefrontale dopaminesysteem in de hersenen 

speelt bij de verwerking van stress (Hoofdstuk 3), om vervolgens in kaart te brengen in 

welke mate een disfunctie van dit systeem samenhangt met de verhoogde stressreactie van 

mensen met een psychotische kwetsbaarheid (Hoofdstuk 4).

Om te beginnen wordt in Hoofdstuk 3 een studie beschreven die de effecten van

psychosociale stress op dopamine afgifte in de menselijke prefrontale cortex onderzocht. 

Hiertoe werden 12 gezonde vrijwilligers in de PET (Positron Emissie Tomografie)-scanner 

blootgesteld aan een psychosociale stressor in de vorm van een onmogelijke rekentaak met 

negatieve verbale feedback. Het gebruik van de recent ontwikkelde radioactieve vloeistof 

[18F]fallypride, die door middel van injectie bij deelnemers in de bloedbaan werd gebracht, 
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stelde ons in staat om, als één van de eersten, dopamine afgifte in de prefrontale cortex ten 

gevolge van stress in beeld te brengen. Gedurende het experiment, dat uit een controle (i.e., 

geen stress) en een experimentele (i.e., stress) conditie bestond, werd mensen gevraagd 

om aan de hand van een aantal vragen te rapporteren hoe gestresst zij zich voelden. Deze 

gedragsmaat werd vervolgens in verband gebracht met de mate van dopamine afgifte in de 

prefrontale cortex, zoals gemeten tijdens het experiment.

Resultaten van deze studie lieten zien dat een toename in subjectief gerapporteerde stress 

ten gevolge van de psychosociale stresstaak samenhing met een toegenomen dopamine 

afgifte in het ventromediale deel van de prefrontale cortex, wat lijkt te bevestigen dat 

dopamine-neuronen in de prefrontale cortex inderdaad een belangrijke rol spelen in de 

stressverwerking bij mensen.

Gezien de verhoogde stressreactie van patiënten met een psychotische stoornis, is een

voor de hand liggende volgende stap om te onderzoeken of de prefrontale dopamine-stress 

functie bij hen is aangetast. Immers, wanneer de prefrontale dopamine-neuronen inderdaad 

een stress-buffer vormen, dan kan een defect hiervan mogelijk verklaren waarom patiënten 

met een psychotische stoornis een verstoorde stressbeleving etaleren. Echter, het gros

van de patiënten met een psychotische stoornis is ingesteld op dopamineblokkerende 

medicijnen, die het in kaart brengen van dopamine functies in de hersenen belemmeren. 

Daarnaast is het nog maar de vraag of functionele afwijkingen in het brein van deze patiënten 

eerder deel uitmaken van de oorzaak of van het gevolg van de ziekte. Een alternatieve 

manier om de etiologie van psychotische stoornissen te doorgronden is om niet de patiënt 

zelf, maar diens eerstegraads familieleden tot onderzoekssubject te maken. “Het zit in de 

familie” is namelijk zonder meer van toepassing op psychotische stoornissen; eerstegraads 

familieleden van patiënten met een psychotische stoornis hebben een verhoogde kans 

op het ontwikkelen van een psychose, reageren feller op stress dan mensen zonder 

psychotische familie-achtergrond én delen neurobiologische kwetsbaarheden met hun zieke

familieleden. Hoewel ze – bij elkaar opgeteld – hierdoor een verhoogde kwetsbaarheid 

voor psychose aan de dag leggen, zijn ze, in tegenstelling tot hun aangedaan familielid, 

zelf niet ziek. Het betrekken van eerstegraads familieleden in onderzoek naar psychose 

maakt het daarom mogelijk om het probleem van omgekeerde causaliteit (functionele 

hersenafwijkingen als gevolg, in tegenstelling tot oorzaak van de ziekte) te omzeilen, wat 

ons via een omweg in staat stelt de etiologie van het psychotische brein te onderzoeken.
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In Hoofdstuk 4 wordt een studie gepresenteerd waarin het experiment uit Hoofdstuk 3 

werd herhaald in een groep van 14 gezonde eerstegraads familieleden van patiënten met 

een psychotische stoornis, die werd vergeleken met een 10-koppige controlegroep zonder 

psychotische familiegeschiedenis. Beide groepen werden weer blootgesteld aan dezelfde 

psychosociale stresstaak, en wederom werd dopamine afgifte in de hersenen gemeten. Deze 

keer werd tijdens het experiment navraag gedaan naar zowel gevoelens van stress alsook 

subjectief ervaren psychotische belevingen (e.g., het horen van stemmen; zich achterdochtig 

voelen; bang zijn om de controle te verliezen).

Resultaten van deze studie lieten zien dat eerstegraads familieleden van patiënten 

met een psychotische stoornis, in vergelijking met de controlegroep, onder stressvolle     

omstandigheden een sterk verminderde dopamine afgifte in de prefrontale cortex 

vertoonden. Tevens ging de verlaagde reactiviteit van de prefrontale dopamine-neuronen 

onder stress bij eerstegraads familieleden gepaard met een toegenomen intensiteit van 

subtiele psychotische belevingen, zoals gerapporteerd tijdens het experiment.

Deze bevindingen passen bij de hypothese dat mensen met een psychotische kwetsbaarheid 

te kampen hebben met een verminderde buffer-functie van de prefrontale dopamine-

neuronen, mogelijk ten grondslag liggend aan een stress-gemedieerde ontremming van het 

mesolimbische dopaminesysteem. Eerder onderzoek toonde aan dat deze mesolimbische 

dopamine hyperactiviteit psychotische symptomen in de hand werkt, daarmee een verklaring 

biedend voor de – weliswaar subtiele – psychotische belevingen die tijdens dit experiment 

door de eerstegraads familieleden werden gerapporteerd.

In het laatste deel van dit proefschrift (Hoofdstuk 5 en 6) wordt aandacht besteed aan de 

medicamenteuze bestrijding van psychotische symptomen en de impact hiervan op het 

dagelijks leven van de patiënt.

Zoals eerder kort aangestipt, bestaat de primaire behandeling van psychotische stoornissen 

uit pharmacotherapeutische interventies. Het gros van de patiënten stopt echter binnen 

het eerste behandeljaar op eigen verzoek met het nemen van de medicatie, daarmee een 

terugval in de hand werkend. Een risico waarvan de meeste patiënten zich bewust zijn. Het 

innemen van de medicatie weegt voor hen blijkbaar zwaarder dan het terugvallen in een 

psychose. Waarom?

Hoewel blokkade van de dopamine receptor in de hersenen noodzakelijk is voor het 

bereiken van een antipsychotisch effect, induceert deze een reeks vervelende neveneffecten 

waarvan bewegingsstoornissen – wellicht omdat ze zo in het oog springen – het best 
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zijn gedocumenteerd. Het fenomeen medicatie discontinuatie is, mede hierdoor, lang 

beschouwd in het licht van deze motorische verstoringen, in samenhang met een gebrek 

aan antipsychotisch effect. Het dopaminesysteem mediëert echter ook de opwekking 

van natuurlijke beloningen en reacties op positieve gebeurtenissen, wat impliceert dat 

blokkade van de dopamine receptor tevens kan leiden tot gevoelens van onverschilligheid 

en emotioneel onwelzijn. Dit wordt ondersteund door recente studies die laten zien dat een 

behandeling met dopamineblokkerende medicatie bij veel patiënten gepaard gaat met een 

achteruitgang in emotioneel welbevinden. Sterker nog, een aantal studies suggereert dat 

juist het emotionele welbevinden van de patiënt, veel meer dan de hinder ondervonden van 

bewegingsstoornissen, bepaalt of hij al dan niet stopt met zijn medicatie. 

In Hoofdstuk 5 en 6 van dit proefschrift worden twee studies beschreven die tot doel 

hadden om dit mechanisme te kaderen in het dagelijks leven van patiënten met een 

psychotische stoornis, daarbij gebruikmakend van de Experience Sampling Methode (ESM), 

een gestructureerde dagboektechniek waarmee het emotionele welbevinden van de patiënt 

werd onderzocht in de realiteit van alledag.

De studie beschreven in Hoofdstuk 5 van dit proefschrift onderzocht, in een groep van 109 

patiënten met een psychotische stoornis, in welke mate het emotionele welbevinden van de 

patiënt kan worden toegeschreven aan het dopamineblokkerende profiel van het medicijn 

waarop hij is ingesteld. Patiënten werden daarvoor ingedeeld in twee groepen, gebaseerd 

op de medicatie die zij gebruikten. Hierbij werd onderscheid gemaakt tussen medicijnen 

die zich kenmerken door een sterk bindende bezetting van de dopamine receptor (hierna: 

‘sterk bindend’) en medicijnen die bekend staan om een zwak bindende bezetting van de 

dopamine receptor (hierna: ‘zwak bindend’). Beide patiëntgroepen werden 6 dagen gevolgd 

met de ESM, daarmee emotioneel welbevinden in het dagelijks leven registrerend. Getest 

werd of patiënten die werden behandeld met een sterk bindend medicijn (n=74), bij een 

kwantitatief vergelijkbare bezetting van de dopamine receptor, meer emotioneel onwelzijn 

rapporteerden dan patiënten die behandeld werden met een zwak bindend medicijn 

(n=35).

Resultaten lieten zien dat patiënten die behandeld werden met een sterk bindend medicijn, 

bij een kwantitatief vergelijkbare bezetting van de dopamine receptor, in het dagelijks 

leven meer negatieve en minder positieve emoties beleefden dan patiënten die behandeld 

werden met een zwak bindend medicijn. Dit lijkt te suggereren dat niet de bezetting van 

de dopamine receptor per se, maar eerder de manier waarop de bezetting plaatsvindt, het 
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emotionele welzijn van de patiënt bepaalt.

In Hoofdstuk 6 wordt een tweede studie beschreven die gebruik maakt van de ESM om het 

emotionele welbevinden van 13 gemediceerde patiënten met een psychotische stoornis in 

kaart te brengen. Deze keer ging het om een groep patiënten die, wegens klinische motieven, 

werd ingesteld op een nieuw soort medicijn met bijzondere eigenschappen. Terwijl, zonder 

uitzondering, alle antipsychotische medicijnen de dopamine transmissie indammen, is dit 

middel in staat om de dopamine transmissie, afhankelijk van de concentratie aanwezige 

dopamine, te dempen of te stimuleren. Dit zou theoretisch gezien voor een gebalanceerde 

dopamine-huishouding en, daaraan gekoppeld, verhoogd emotioneel welbevinden moeten 

zorgen. Er werden twee, 6 dagen durende, ESM-metingen uitgevoerd; de eerste keer werden 

patiënten gevolgd terwijl ze nog ingesteld waren op hun oude, dopamine-reducerende 

medicijn; de tweede keer werden ze gevolgd terwijl ze reeds waren ingesteld op het nieuwe 

dopamine-regulerende middel. Er werd getest of patiënten, volgend op de behandeling met 

het nieuwe middel, een toename in emotioneel welzijn rapporteerden.

In tegenstelling tot wat werd verwacht, suggereerden de resultaten dat het gros van de 

patiënten emotionele demping ondervond ten gevolge van de medicatie-omschakeling. 

Daarnaast reageerden maar liefst 7 van de 13 patiënten op de medicatie-omschakeling met 

een toename in psychotische symptomen. Echter, de kleine schaal van de studie beperkt de 

interpretatie van de bevindingen en vraagt vooral om replicatie.

In Hoofdstuk 7 worden ten slotte de resultaten van de studies, beschreven in dit proefschrift, 

samengevat en geïntegreerd tot een multidimensioneel ziektemodel van psychose, waarin 

een disfunctie van het corticomesolimbische dopaminesysteem centraal staat. Tevens wordt 

aandacht besteed aan mogelijke klinische implicaties en worden er suggesties gedaan voor 

verder onderzoek voortvloeiend uit de bevindingen in dit proefschrift.
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Dankwoord

Een hoop mensen hebben –direct en/of indirect– bijgedragen aan de 

totstandkoming van dit proefschrift. Ik maak graag van deze gelegenheid 

gebruik om hen te bedanken, waarbij ik met nadruk wil onderstrepen dat ik 

mijn uiterste best heb gedaan om niemand te vergeten..! Ik vrees echter dat 

dit desondanks gebeurd is. Voor diegenen, mocht het een troost zijn; vroeg 

of laat zal ik mij realiseren dat ik jullie ben vergeten en zullen jullie – meer 

nog dan de mensen die hieronder worden genoemd – door mijn hoofd blijven 

spoken.

Well, here it goes…

“...Als je een schip wilt bouwen

Trommel dan geen mensen op om hout te verzamelen

Ga geen werk verdelen en geef geen orders

Leer hen in plaats daarvan te verlangen naar de eindeloze zee...”

(Antoine de Saint-Exupèry)

First and foremost: Inez en Jim – inspiratoren – jullie tomeloze enthousiasme lijkt niet alleen 

onuitputtelijk, maar werkt bovenal aanstekelijk. Life’s a beach! Zo stond ik erin. Maar dat 

kon natuurlijk alleen dankzij jullie. SP als mijn eigen Baywatch; altijd scherp, one step ahead, 

aanwezig – en vooral sexy natuurlijk ;) I. O. U. Big time!

Dina, voor jou heb ik niets dan respect. Ik zie het als een eer om met jou te hebben mogen 

werken aan ons gezamenlijke promotie-onderzoek. Cum Laude, daarmee was niets teveel 

gezegd. Ook als persoon, vriendin en collega slaag je in mijn ogen met lof.

Alle andere – ooit junior-, nu senior- of zelfs ex-AiO’s/Doctors van SP – in het bijzonder 

Margreet, Rebecca en Dennis – kom A.U.B. een keer langs op een biertje :P. Petra, bedankt 

voor jouw immer sympathieke aanwezigheid. D
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Ook niet te vergeten: Nienke, Cécile, Steffi, Nicole G, Anne, Margriet, Sebastian (Venice was 

een life event), Odette en alle andere voortvluchtigen (you know who you are).

Verder natuurlijk iedereen bij SP die hier niet specifiek wordt genoemd. 

| Sfeer | Belangrijk | Koesteren | !!!

Ik wil graag iedereen bedanken die nauw betrokken was bij het verwerven en verwerken van 

alle data voor de STRIP-studie. Philippe, Frieda, Peter en alle anderen verantwoordelijk voor 

de database (bedankt voor alle (nachtelijke?) inspanningen), Truda (schutspatroon van de 

boekskes - Debora ook bedankt!), Rufa (onderhoudend en opgeruimd – altijd aangenaam), 

Carmen (cortisol = geen lol), David (blijf vragen..!), Thomas (hope u’r doing well), Bernice 

(gezellig..! :D), Dian en Machteld (kort maar krachtig ;)).

Bijzonder lof gaat uit naar Wendy Beuken; bedankt met name voor de functionele stalking 

met betrekking tot het afhandelen van de dossierverwerking.

Ik bedank de aardige mensen van Nucleaire Geneeskunde van de Katholieke Universiteit 

Leuven:

Prof. dr. Koen Van Laere – bedankt voor de prettige samenwerking die nog steeds loopt en 

ook in termen van publicaties vruchtbaar blijkt.

Jenny Ceccarini: “La pazienza non è mai troppa.” Thanks for repeatedly (i.e., over and 

over) explaining Nathaniel’s nasty model to me (and Dina, and David, and Rebecca), helping 

us set up and perform the PET-experiments, preparing all data for analysis, and contributing 

to the methods section of the final publications. Couldn’t have done it without you! I wish 

you and your family all the best..!

Alle mensen die onmisbaar waren voor de praktische uitvoering van de PET-scans, in 

het bijzonder Stijn Dirix, Kwinten Porters en Mieke Steukers – dankzij jullie voelden onze 

proefpersonen zich volledig ontspannen (totdat het experiment begon XD).

Iedereen van het Radiofarmacie lab KU Leuven, met name Tjibbe de Groot & Kim Serdons. 

Bedankt voor de fallypride..!

De fijne dames van het wetenschappelijk secretariaat Nucleaire Geneeskunde - Silvie de 

Simpelaere, Francine Reniers en Mariet Vrancken – alles liep op rolletjes!

Michel Koole – “I know what I have given you. I do not know what you have 

received” (Antonia Porchia) – bedankt voor de, soms herhaalde, online submissie van menig 

.zip- of .winrar-bestand!

Verbonden aan de Universiteit van Montréal wil ik graag Dr. Jens Pruessner (Thank you!) en 

Dr. Linda Booij bedanken voor het toestaan van gebruik van de MIST stress taak, alsook voor D
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de vitale instructies voor het effectief operationaliseren ervan.

Ganz herzlich bedanken möchte ich mich auch bei Prof. dr. Hans-Ulrich Wittchen und Prof. dr. 

Rosalind Lieb, die es mir ermöglicht haben mit dem einmaligen EDSP Datenset zu arbeiten.

Mari, thank you for guiding me safely through boobytrapped EDSP territory!

Ik wil vooral ook alle proefpersonen bedanken die aan ons onderzoek hebben deelgenomen! 

Jullie kwamen helemaal uit Gent(!), uit Enschede(!), Rotterdam(!), Groningen(!), Alkmaar(!). 

Jullie beantwoordden duizenden vragen, collecteerden tientallen speekselmonsters en 

trotseerden bovendien de radioactieve straling van de PET-scan. En dat alles om een bijdrage 

te leveren aan de wetenschap. Het heeft me zeer ontroerd en veel van jullie gezichten staan 

in mijn geheugen gegrift. Bedankt!

De mensen uit de ‘control room’ van SP headquarters: Trees, Jolanda, Ine, Leni. Bedankt 

voor alle ondersteuning die ik van jullie mocht, en nog steeds mag ontvangen.

Ron (en -recenter- ook René): Bedankt voor alle ICT ondersteuning – jullie zijn onmisbaar!!

Alle “outside” AiO’s, in het bijzonder Hanneke Wigman, Martin Gevonden en Eva Velthorst. 

Bedankt voor de sociale kruisbestuiving.

Jean-Paul en Viviane – bedankt dat ik mocht meewerken aan jullie studies in mijn begintijd 

bij SP. Lies, bedankt voor de SPM-support. Koen, bedankt voor uw logica.

Ik wil ook alle co-auteurs bedanken die ik nog niet bij naam heb genoemd, in het bijzonder 

Maarten Bak; grote mond, klein hartje – dat hebben we in ieder geval gemeen ;) Daarnaast 

bedank ik iedereen binnen SP waarvan ik ooit een dataset heb mogen gebruiken voor 

analyse..!!! Hope I can return the favor!

Ik bedank ook Integrale Zorg Mondriaan, en met name alle medewerkers van Wijkteam II 

en IV voor de mogelijkheid die zij me gaven om ook mijn klinische grenzen te verkennen en 

te verleggen. Ik ben van mening dat de tijd die ik als behandelaar in de kliniek doorbracht 

mij minstens net zozeer heeft gevormd tot de persoon die ik nu ben als mijn werk als 

onderzoeker dat heeft gedaan. Ik blijf jullie ambulant volgen! (Bedankt ook voor het 

meedenken / meewerken bij de werving van proefpersonen).

Nancy, jij staat als geen ander tussen de AiO’s. Bedankt voor al je tips, leuke gesprekken, en 

met name ook voor de ideeën die je aandroeg voor de titel van mijn proefschrift!

Ik draag iedereen die meewerkt of mee heeft gewerkt aan het Verfilmde Waan project 
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een warm hart toe, waarbij ik met name de verbindende en motiverende inspanningen van 

Dorothé van Slooten wil hebben genoemd (zie ook: www.verfilmdewaan.nl).

De redactieleden van PsyCope Magazine (Paul, Ernst, Dorothé, Margreet en Marcel) bedank 

ik voor leuke redactievergaderingen, goede discussies en mooie stukken.

Ik bedank ook alle leden van de leescommissie en iedereen die in de corona wilde 

plaatsnemen. (Thank you, Dr. Oliver Howes, for being willing to be part of the thesis advisory 

committee).

Mede namens mijn moeder bedank ik alle luchtvaartmaatschappijen die mij veilig over de 

globe transporteerden.

Nele, bedankt dat ik tijdens mijn eerste maanden bij de Open Universiteit nog de ruimte 

kreeg om de puntjes op de i van mijn proefschrift te zetten. Verder bedank ik iedereen bij 

de OU (nieuwe gezichten en oude bekenden) voor de hartelijke ontvangst tijdens de laatste 

fase van mijn promotie. Ik voel me al helemaal thuis!

Dr. Amanda Kaas, Prof. dr. Alexander Sack en Dr. Hanneke van Mier bedank ik voor de 

leerzame wetenschapsstage en de kickstart van mijn wetenschappelijke carrière.

Bedankt, iedereen die mij in staat stelt om in mijn vrije tijd op andere gedachten te komen;

Dirk, Hanneke en – vooruit – Erik ;) “Creation comes out of imperfection. It seems 

to come out of a striving and a frustration” (Kim Krizan). E = MC Hammer. 

We’ll get there..! Ondertussen blijf ik me met jullie verwonderen over de pareltjes die 

rondzwerven op het www. Spotify bedankt! (best invention since youtube).

Alle voetbalvrienden: bedankt voor de wekelijkse uitlaatklep, ook al moest ik hiervoor bijna 

mijn rechterpink opofferen (no hard feelings).

Ik bedank ook Jo voor het schaaf- en schuurwerk in zijn prachtige gitaaratelier. Nergens 

wordt een haastige analyse zo afgestraft als in de gitaarbouw.

Guido. My brother from another mother..! Wat kan ik zeggen, in een geïllustreerd 

woordenboek zouden wij de letter B van kleur voorzien; van bitterzoet en bolero tot 

bromance – nothing but love. Maar bovenal staat de letter B natuurlijk voor Björn Kamycki; 

de derde musketier en de enige  persoon waarmee een reünie nooit als een reünie aanvoelt. 

En nu ook nog om de hoek in sjeng city, wat kan een mens zich nog meer wensen..!
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Tiny – enige vorm van nepotisme is jou niet vreemd ;)

Altijd begaan met het lot van je broertje werd ik door jou geïntroduceerd bij SP. Mede dankzij 

jou wist ik ook snel mijn draai te vinden op Vijverdal, enig cross-sibling advies was immers 

nooit ver te zoeken. Vooral ook bedankt voor alle lekkere etentjes en gezellige avonden in 

Mestreech, bovenste beste zus!

Parentes – Het moet een (na)zomermiddag, -avond (-ochtend?) in augustus 1982 zijn 

geweest waarop de vleselijke voorwaarden voor dit proefschrift werden geschept. Het jaar 

waarin de Stones voor het eerst in de Kuip staan, Michael Jackson zijn bestselling album 

‘Thriller’ uitbrengt, Simon & Garfunkel’s ‘Concert in Central Park’ als één van de eerste pop-

concerten op de Compact Disc verschijnt en Steve Jobs voor het eerst op de cover prijkt 

van TIME Magazine. Tijdens mijn promotie-traject valt “Keef” uit een palmboom, beleeft 

Michael Jackson een levensechte en uiteindelijk fatale thriller, kom ik erachter dat Paul Simon 

ervan wordt beschuldigd tijdens het betreffende concert een toupet te hebben gedragen, 

en wordt Steve Jobs – zo zal blijken – voor de laatste keer gefotografeerd voor de cover van 

TIME Magazine ––– Things fall apart. Waar ik echter altijd op kan rekenen in een immer 

veranderende wereld is jullie advies, steun, en relativeringsvermogen. Terugblikkend moet 

ik daarbij ook constateren dat de zorg en liefde die ik tijdens mijn leven mocht ontvangen, 

en zo lang voor vanzelfsprekend heb gehouden, eerder als uitzonderlijk moeten worden 

beschouwd. Met dit boek dank ik daarom jullie beiden voor alle zorgen die jullie voor en om 

mij hadden en de mogelijkheden die jullie voor me hebben gecreëerd.

Jenneke, zoals Jim Carrey het ooit treffend wist te verwoorden:

“Behind every [great] man is a woman rolling her eyes”

Schaamte is het begin van de moraal. Zelden heb ik iemand gekend waarbij de wil goed te 

doen zich werkelijk in iedere porie lijkt te nestelen. Jouw onbevooroordeelde blik heeft mij 

zeker de ogen geopend. En nog steeds. Dat mijn werkplek bij SP zich altijd op loopafstand 

van ons appartement bevond moet voor jou vooral als een vloek hebben gevoeld (..zelf 

vond ik het wel handig..). Jouw emotionele uithoudingsvermogen verdient in dat opzicht 

beslist een podiumplaats. Bedankt..!

Ten slotte bedank ik ook Loesje, de relativiteitsfactor op 4 pootjes.
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pp     sychotic disorders remain among the most burdensome and intangible mental illnes-

ses worldwide, perturbing the emotional and social life of those affected, and throwing 

their surrounding environment into great confusion. Although environmental stress has 

been repeatedly identified as risk factor for psychosis, the imperative aspect of interaction 

between a vulnerable individual and its stressful surroundings has remained largely disre-

garded. Using a combination of prospective population-based studies, ecological sampling, 

and neuroimaging techniques, the work presented in the current thesis examines how the 

stressful environment affects the vulnerable individual, and which mechanisms underlie its 

transition to illness. 
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