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1. Introduction 

1.1. Preface  

Quotes from a blog post by one of the 22q11.2 deletion syndrome participants: 

“Last Wednesday, I started my journey to Aachen (Germany) so I could participate in a 
research study by the University of Maastricht (NL), investigating the psychiatric 
problems related to the 22q11.2 deletion syndrome. I had to travel alone, something that 
I don’t do easily, for the trip is quite draining… 

… The day started off quite badly for me, after receiving a message that had really upset 
me. In the past week, I had already suffered through quite a bit of commotion and stress, 
and this was simply a bit too much for me. I was not keen on undertaking the entire trip 
to Aachen any longer. But then, when I got in touch with one of the researchers, she 
eventually helped me through the process quite wonderfully. Despite the fact that I was 
feeling awful, I nonetheless took the trip and got through the PET brain scan protocol… 

…. Then, when I woke up that next morning after the research day in Aachen, I 
experienced such an incredible feeling of pride and satisfaction; heck, I had gotten 
through and done it! Me, the person who at any time doubts her every action, because I 
always think: ‘well, I know it is perfectly in my mind, but the 22q11DS is always in the 
way so much…’. Still, I got through the research assessments really well, and brought the 
entire journey to completion! I was received wonderfully and the researchers are 
amazingly kind people. I recommend it to everyone to participate… 

…. To me, it is very important that we work towards more insight into the problems that 
people with 22q11DS, psychotic disorder and/or depression have to face. Especially 
because we - individuals with 22q11DS - are more vulnerable to develop these problems 
compared to others. For that reason, I gladly decided to participate in this research….”  

This is an example of the many different experiences and stories I have heard from the 
participants of the research described in this thesis. The stories that have been shared, 
clearly show the importance of research to causal factors for mental disorders in people 
with a high (genetic) risk: the 22q11.2 deletion syndrome, further referred to as 
22q11DS. The task of information processing of daily sensory input, the search for 
rewarding feelings and the challenges of dealing with environmental stressors are part 
of everyday life. However, for an individual with 22q11DS these processes could be extra 
demanding and life could therefore sometimes be experienced as learning to dance in 
the rain. Every single participant experienced their own daily encounters with themes 
related to education, relationships, acceptance, jobs, housing, hobbies, family life, 
stress, motivation and (future) decision-making. Despite their daily challenges, they all 
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showed great commitment and determination to finish the variety of tasks and 
investigations of my PhD research in order to help to gain more insight and help future 
generations. In this introduction I will explain why we investigated these participants 
and the underlying biological mechanisms for mental disorders.  

1.2. General Introduction 

It is estimated that one in four people in the world will develop a mental disorder* at 
some point in their lives. Woldwide, more than 450 million people are currently affected 
by mental disorders, which places a large burden on families and society1.  

From an evolutionary perspective there are at least two important components 
influencing mental health and brain function: nature and nurture. The heritable material 
stored in our DNA, containing the unique genetic code for the architecture of our body 
(including our brain), is referred to as our “nature”. All the experiences and environmental 
influences we have had, even from the moment right after conception, are known as 
“nurture”. The interaction between nature (genetic) and nurture (environment) is thought 
to be of great importance in defining who we are, in shaping our behavior and influencing 
our mental state of (well) being. 

The work in this thesis uses an interdisciplinary approach to explore causal 
environmental and neurobiological factors for mental disorders by investigating 
individuals with the most common known genetic microdeletion syndrome associated 
with increased risk for mental disorders across the life span: 22q11DS. Due to the high 
prevalence of a variety of mental disorders and because of the clear known cause of the 
syndrome - a hemizygous deletion of approximately 50 genes - 22q11DS has been 
suggested to represent a valuable group for the study of neurobiological factors underlying 
mental disorders2–6. 

Research on 22q11DS could therefore provide insights into why some individuals with 
a genetic risk develop serious mental disorders, while others do not. This, in turn, could 
elucidate mechanisms or markers of resilience, in addition to factors that increase 
vulnerability for psychopathology. Due to the complexity and heterogeneity of clinical 
syndromes, the identification of intermediate (endo)phenotypes or vulnerability 
biomarkers (Figure 1) in 22q11DS has previously been suggested to facilitate the 
understanding of the etiology of mental disorders7.  

*According to the world health organization mental health is defined as “a state of well-being in which every 
individual realizes his or her own potential, can cope with the normal stressors of life, can work productively 
and fruitfully, and is able to make a contribution to her or his community”9. The definition of mental health as 
a “dynamic state of internal equilibrium which enables individuals to use their abilities in harmony with 
universal values of society”10 is also proposed and it is widely accepted that it is more than just the absence of 
mental illness. Mental illness or psychiatric disorders are impairments in mental health. The American 
Psychiatric Association (2012) states in their most recent version of the diagnostic and statistical manual of 
mental disorders (DSM 5) that a mental disorder is “a behavioural or psychological syndrome or pattern that 
can occur in an individual, which reflects an underlying psychobiological dysfunction with major consequences 
that cause significant distress or disability”11.  
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An endophenotype (narrower phenotype) is defined as a measurable variable with a 
clear genetic connection, which lies on the pathway between genotype (for instance the 
deletion of 50 genes in 22q11DS) and disorder (e.g. psychotic disorder) and can be 
neurophysiological, biochemical, endocrinological, neuroanatomical, cognitive or 
neuropsychological in nature8.  

In the following paragraphs of this introduction, I will first introduce the phenotype 
of 22q11DS, the investigated genes and the focus on psychotic disord ers, after which I 
will focus on the investigated endophenotypes. The introduction will finish with the 
objectives of the different chapters in this thesis. 

2. Phenotype 

2.1. 22q11DS and increased risk for mental disorders  

22q11DS (previously known as velo-cardio-facial syndrome (VCFS)12, Shprintzen 
syndrome13 or DiGeorge syndrome14) is a genetic disorder usually caused by a de novo 
microdeletion on the long arm (q) of chromosome 22 location 11.2, hence the name 
22q11DS. The length of this copy number variant (CNV) differs between affected 
individuals7, however the majority of cases (± 80%) has the typical deletion length of 3 
Mb of DNA (± 3 million nucleotides)15, resulting in hemizygosity (i.e. carrying a single 
copy of a gene instead of a pair) of around 50 genes16,17 (Figures 2). Because individuals 
with 22q11DS carry only one copy of these genes (inherited either from the mother or 
father) these genes may express reduced activity, known as haploinsufficiency of the 
gene18,19. The genotype associated with one copy of a gene is called hemizygous, 
containing one allele. The deletion is most frequently diagnosed using a microarray or 
the multiplex ligation-dependent probe amplification (MLPA)20,21 and occurs in 
approximately 1 in 2000-300022,23 births, and in 1 in 1000 pregnancies24, making it one 
of the most common recurrent CNV disorders2,25–27.  

The phenotype of individuals with 22q11DS is highly variable, which has been 
suggested to arise from interaction between genes and the environment28. The 
heterogeneous phenotype of 22q11DS includes physical problems, cognitive 
impairments (mild to moderate intellectual disability) and mental disorders (at least one 
mental or cognitive disorder is diagnosed in 73-90% of the individuals with 22q11DS)2–

4,29,30 (Figure 3). 
The syndrome is associated with a wide range of physical problems of different 

(organ) systems. Cardiac abnormalities, such as congenital heart defects, often occur 
(50-75%), which are often the main cause of mortality31 . Palatal (velum) anomalies are 
present (75%) and most individuals with 22q11DS have mild dysmorphic facial 
appearances (90%) including a short forehead, widely set eyes and a high nasal bridge32. 
Other common physical impairments are immune system deficits (35-40%), 
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endocrinological problems such as hypothyroidism (20%) and hypocalcemia (65%), 
obesity (35%), scoliosis (45%), speech and hearing deficits (30%), and neurological 
impairments including seizures (40%, epilepsy 5%) and (early-onset) Parkinson’s 
disease2,22,32. 

Almost 90% of individuals with 22q11DS have cognitive impairments like (mild) 
learning disabilities or developmental delay32. The average intelligence quotient (IQ) in 
22q11DS ranges from normal to moderately impaired (mean IQ=70)2,26,33,34. However, 
there is a minority of individuals that function at an average normal intelligence level 
(IQ>85)35 as well as subgroups with moderate and severe intellectual disabilities (IQ<70: 
30-40%)36,37. These cognitive impairments often come with difficulties in socio-
emotional and adaptive functioning, including deficits in socialization, comprehension, 
poor social judgment and decision making in everyday life22,33. The developmental 
trajectory seems impaired, reflected in a progressive IQ decline, which starts in 
childhood38, and a discrepancy between environmental demands and cognitive abilities 
during development28.  

Mental disorders are the most common later-onset impairments in 22q11DS, 
affecting at least 60% of the individuals22,32 causing high burden to the patients and their 
families, in part due to the associated stigma39,40. There is a wide variety of 
neuropsychiatric phenotypes7,22,26. Neurodevelopmental disorders are often reported in 
children with 22q11DS including attention deficit hyperactivity disorder (35-45%)33,41,42, 
autism spectrum disorder (25-50%)42–44, anxiety disorders33,45 and behavioral disorders 
like social withdrawal33. The most common mental health problems in adults are mood 
disorders (17-64%), anxiety disorders (23-53%), obsessive compulsive disorders (OCD) 
(8-33%) and 25-30% develop a psychotic disorder (Figure 3)26,44,46,4726,29,44.  

Individuals with 22q11DS have a 25-fold increased risk of developing a psychotic 
disorder compared to individuals in the general population, who have a lifetime risk of 
± 1%8. With a risk of 25%, 22q11.2 deletion is the third highest risk factor for developing 
a psychotic disorder; only individuals with a monozygotic twin or two parents with 
psychotic disorder have a greater risk2,26. In addition, 1-2% of individuals with psychotic 
disorder have a diagnosis of 22q11DS48, making it the only genetic disorder 
unequivocally implicated in psychotic disorders2,26,49,50. The clinical appearance of 
psychotic disorder in 22q11DS is comparable to the phenotype in non-22q11DS 
individuals with psychotic disorder27. It typically emerges in late adolescence, with 
qualitatively similar symptoms, and a comparable response to antipsychotic 
medication27.  

The high prevalence of mental disorders, specifically psychotic disorder, in 22q11DS 
is thought to be caused by hemizygosity of several functionally associated genes that 
are located in the deleted region49 (Figures 2). Amongst the genes in the deleted region, 
variations (also known as single nucleotide polymorphisms (SNPs)) in the catechol-O-
methyltransferase gene (COMT) (Figure 2) and the proline (dehydrogenase) oxidase 1 
(PRODH) gene are particularly associated with an increased susceptibility to mental 
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disorders and are therefore interesting to investigate in relation to endophenotypes for 
mental disorders in 22q11DS51.  

The COMT gene encodes for the catechol-O-methyltransferase enzyme that breaks 
down catecholamines including extracellular dopamine (DA), noradrenaline (NA) and 
indirectly also adrenaline52. The functional COMT SNP rs4680 Val158Met codes for a 
substitution of guanine (G) to adenosine (A) (G/A) and is associated with variation in 
peripheral COMT enzyme activation53. The homozygous Met/Met genotype is shown to 
decrease COMT enzyme activity with 40% compared to the high activity variant Val/Val. 
As a result, Met homozygous have higher synaptic neurotransmitter DA levels than Val 
homozygous. Since individuals with 22q11DS have only one copy of the COMT gene, 
which is associated with reduced COMT gene expression54 and enzyme concentrations18, 
the COMT Val158Met SNP may have a larger effect in 22q11DS individuals because they 
are hemizygous and have only one allele. COMT Met hemizygotes may therefore have 
extremely low COMT activity (haploinsufficiency)18,49,51,55,56. Especially DA levels in 
frontal brain regions are thought to be affected by COMT haploinsufficiency57 in 
22q11DS. This can be explained by the relative paucity of dopamine transporter (DAT) 
expression in the frontal lobe58, suggesting that the COMT enzyme is the dominant 
regulator of extracellular DA activity in the frontal cortex59. It has been indicated that 
50% of the prefrontal DA clearance results from COMT activity57. Due to hemizygosity 
and low COMT enzyme activity, individuals with 22q11DS may consequently be 
chronically exposed to abnormally high frontal DA levels19.  

The PRODH gene encodes for the mitochondrial enzyme proline (dehydrogenase) 
oxidase 1 (POX), which influences the conversion of proline to glutamate via pyrroline-
5-carboxylate (P5C)60. Hemizygosity of PRODH (present in 22q11DS) is suggested to lead 
to lower POX activity and consequently to increased plasma proline levels, previously 
found in 22q11DS61. It is still unclear how different SNPs influence PRODH gene 
expression and influence specific endophenotypes related to mental disorders. Only the 
rs450046 SNP is found to be a functional polymorphism, with the C-allele associated 
with increased enzyme activity of POX and the T-allele associated with reduced POX 
activity resulting in elevated glutamate levels62.  

2.2. Focus on Psychotic disorder 

As outlined above, 22q11DS is particularly related to an increased risk for developing a 
psychotic disorder. Psychotic disorder is a multidimensional syndrome including different 
diagnostic categories on a continuum, ranging from minor impairments in daily life to 
severe impairments associated with poor quality of life for the patients and their relatives63.  

The wide range of clinical symptoms associated with psychotic disorder can be 
divided in three major symptom categories. Firstly, the positive symptoms (psychosis), 
including hallucinations (the perception of something that is not present) and delusions 
(the belief of something that is untrue or unreal). Psychosis is suggested to be a 
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distortion in the comprehension of reality. Secondly, the negative symptoms, including 
motivational impairments, anhedonia (the inability to feel pleasure), flattened affect 
and social withdrawal. Thirdly the cognitive impairments, including deficits in attention, 
working memory and a wide range of executive functions. Psychotic disorder can also 
include symptoms like disorganized speech and abnormal psychomotor behaviour64 and 
often co-occurs with mood symptoms including mania and depression64.  

Psychotic symptoms typically develop in late adolescence or early adulthood65 and 
psychotic disorder has a similar cumulative lifetime risk in men and woman63. The most 
recent version of the diagnostic and statistical manual of mental disorders (DSM 5) 
describes the characteristics of the disorder in the chapter “Schizophrenia Spectrum and 
Other Psychotic Disorders”11. Schizophrenia is the classic diagnostic category used for 
psychotic disorder, however this diagnosis is subject of increased debate, among others 
because of the associated stigma and the lack of progress in the discovery of underlying 
symptom mechanisms, potentially due to significant heterogeneity in the population 
including individuals with major psychotic symptoms and mild impairments64,66,67. 
Psychosis has also been referred to as a state of aberrant salience (attributing meaning 
and attention to external stimuli) and the “salience dysregulation syndrome” has been 
proposed as an alternative diagnosis, referring to an aberrant assignment of 
motivational salience to stimuli68,69 and an inability to relate adequately to the 
environment (attributing either too much or too little attention to external stimuli). The 
term psychotic disorder will be used in this thesis to refer to the entire spectrum of 
diagnostic categories.  

Although the exact neurobiology underlying psychotic disorder symptoms is still 
unknown, changes in striatal and a range of cortical regions have consistently been 
suggested, with the neurotransmitter DA likely playing a key role (Figure 4).  

The DA hypothesis of psychotic disorder originates from observations that all 
antipsychotics decrease DA activity by blocking DA D2/3 receptors and drugs that increase 
endogenous DA, such as cocaine and amphetamine, have psycho-mimetic properties70. 
The DA hypothesis argues that positive symptoms are produced by increased 
presynaptic DA activity in the mesolimbic pathway, resulting in excessive DA release in 
among others, the striatum71 72,73 (Figure 4). Moreover, dopaminergic dysfunction may 
additionally explain the origin of negative symptoms: hypofunction of the mesocortical 
pathway, resulting in decreased DA release in the frontal brain regions, has been 
suggested to be involved in negative and cognitive symptoms72,73 (Figure 4). At the brain 
network level, abnormalities in the cortical-basal ganglia circuits (a group of subcortical 
nuclei including the striatum), the brain-reward network74, are thought to be related to 
positive and negative symptoms. A dysregulation of mesolimbic DA may lead to 
abnormal attribution of salience to reward-related stimuli in psychotic disorder75. In 
addition to the DA hypothesis, hyperactive glutamatergic neurons in several brain 
regions are suggested to underlie the positive, negative and cognitive manifestations in 
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psychotic disorder73. Indicating that both DA and glutamate mechanisms are key players 
in underlying symptoms of psychotic disorder. 

Interestingly, there is reason to believe that abnormalities in DA and glutamate 
functioning may be present in 22q11DS as well. One of the genes in the deleted region 
of 22q11DS, the COMT gene, encodes an enzyme that modulates primarily frontal DA 
clearance. Consequently, DA levels may be increased in frontal brain areas in 22q11DS, 
which may play a role in their increased risk to develop psychotic disorders. The COMT 
Val158Met polymorphisms has previously been indicated to be related to risk 
endophenotypes for psychotic disorder in 22q11DS18,51,76,77.  

PRODH, a gene influencing glutamate activity, is also located in the 22q11DS deleted 
region. PRODH is specifically involved in the conversion of proline to glutamate. 
Deregulated glutamate is thought to play a role in both negative and positive symptoms 
of psychotic disorder, via N-methyl-D-aspartate (NMDA) glutamatergic receptor 
hypofunction78. Studies with PRODH deficient rodents showed that these animals 
displayed a psychotic-like phenotype79. Variants of the PRODH genotype have moreover 
previously been associated with severity of psychotic symptoms in 22q11DS51 and with 
risk endophenotypes for psychosis80. The consequences of COMT and PRODH 
haploinsufficiency in adults with 22q11DS at a neuro (chemical) level, and its possible 
relationship with psychopathology, is however still unclear. 

It is clear that genetic factors are important in psychotic disorder, since it has been 
shown to be highly heritable. However it has been challenging to unravel true candidate 
genes that contribute to the symptoms8,81. CNVs are thought to account for some of the 
unexplained heritability of psychotic disorder and 22q11DS is one of the most common 
recurrent CNV with a large effect size48,82. Therefore further research in 22q11DS is a 
valuable approach to gain new insights in the underlying mechanisms and causal factors 
of psychotic disorder27,65,83.  

In addition to genetic risk factors, it is thought that environmental factors are crucial 
to the development of psychotic disorder64. Psychosis has been proposed to emerge in 
vulnerable individuals under the influence of environmental stressors and it is 
associated with an increased (emotional) sensitivity to daily stressful events in the 
environment84,85. Aberrant stress reactivity has additionally been related to 
impairments in DA function86. Interestingly, 22q11DS is related to high rates of anxiety 
and (chronic) increased stress sensitivity22,26,87. In addition, in healthy controls and first-
degree relatives of psychotic patients, COMT is found to selectively alter subjective 
feelings of stress88, which, in turn, is associated with the development of psychosis89,90. 
Environmental factors like stress, and related genetic vulnerability, could therefore 
potentially also play a role in the high rates of psychopathology in 22q11DS.  

In light of genetic and environmental factors (and the potential interaction between 
them), endophenotypes related to the above described (biological) mechanisms 
underlying psychotic disorder will be explored in this thesis in 22q11DS. Some of the 
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most consistent endophenotypes and methods used to investigate them, will be 
introduced in the following paragraphs. 

3. Endophenotypes  

3.1. Information processing and frontal dopamine functioning  

Abnormalities in the processing of sensory information (information processing) related 
to DA function in the mesocortical pathway, and frontal cortical regions specifically 
(Figure 4), has been hypothesized to specifically underlie cognitive and negative 
symptoms of psychotic disorders71,91, which may also be true for 22q11DS26,30,92.  

A PRODH haplotype including the SNPs rs450046 and rs372055 was previously found 
to be associated to attenuated information processing investigated with pre-pulse 
inhibition (PPI). Abnormal PPI is proposed to be related to aberrant PFC DA functioning80. 
PPI is defined as the ability of the brain to attenuate the automated startle eye-blink 
response when a priming stimulus (often acoustic) is given93. It is thought to reflect 
sensorimotor gating in the central nervous system and is related to DA functioning in the 
PFC in rats94. Previous research has shown that lower PPI is an endophenotype in 
individuals with psychosis95. Reduced PPI in psychotic disorder is associated with over-
awareness and problems with filtering irrelevant sensory, cognitive and motor input96. 
There is growing evidence that sensorimotor gating is influenced by genetic factors, 
including other genes besides the PRODH gene in the 22q11DS deleted region80,95. The 
COMT Met-allele and hyperprolinemia are additionally associated with reduced startle 
reactivity (PPI), possibly caused by aberrant prefrontal DA functioning97. 

Positron emission tomography (PET) is an imaging technique specifically tailored to 
study neurotransmitter activity. It is a nuclear imaging method which enables direct in 
vivo investigation of for example central DA signaling and specific components of the DA 
system by using radiolabeled tracers that bind specifically to these components/mole-
cules (like DA receptors, transporters or enzymes). High-affinity radioligands such as the 
DA D2/3R antagonist [18F]fallypride have been successfully used to assess striatal and 
extrastriatal DA signaling88,98–103. The binding potential of a radiotracer to DA D2/3 
receptors is indicative of the amount of DA present in the synaptic cleft (Figure 4b), via 
competition between the radiotracer and DA during challenges, as well as adaptive 
effects (e.g. upregulation of DA D2/3R after long-term decreased synaptic DA levels). An 
effect of COMT functional polymorphism Val158Met genotype on striatal DA has 
previously been found in 22q11DS. Using [123]IBZM single photon emission computed 
tomography (SPECT), higher post-synaptic striatal DA D2/3 nondisplaceable receptor 
binding potential (D2/3R BPND) was present in Val-allele carriers compared to carriers with 
the relatively unstable and less active COMT Met-allele carriers76. This indicates lower 
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striatal synaptic DA levels in Val-allele vs Met-allele carriers, additionally implicating the 
importance of further investigation of DA neurotransmission using PET in 22q11DS. 

Alterations in information processing and frontal DA functioning in 22q11DS are 
expected due to the haplo-insufficiency of the COMT and PRODH gene. Interestingly, 
functional interactions between the COMT and PRODH gene have been suggested. 
PRODH knock out mice have increased glutamate release and alterations in COMT 
enzyme activity79. In 22q11DS high proline levels are suggested to induce DA release in 
the PFC by modulating glutamate release, indicating an interaction between COMT and 
PRODH genotypes77. The investigation of COMT and PRODH genotype (interactions) in 
22q11DS is therefore interesting in relation to information processing of frontal brain 
regions and DAergic functioning. Information processing and DA functioning is therefore 
investigated in this thesis using PPI and PET methodology, to accumulate knowledge on 
the neurobiology of mental disorders.  

3.2. Reward processing and striatal dopamine functioning  

A dysfunctional motivational reward system has been implicated in the negative 
symptoms of psychotic disorder, including anhedonia104–107, which are also reported to 
be highly present in 22q11DS26,30,92. Investigating brain reward function in 22q11DS 
could therefore be insightful to better understand neurobiology potentially underlying 
these symptoms.  

Anticipation of reward represents motivational behavior or drive (’’wanting’’), which 
is associated with activation of the typical brain reward network (the cortical-basal 
ganglia circuit) and activity in this circuit, especially in the ventral striatum, is modulated 
by DA108 (Figure 4). Increased striatal presynaptic DA synthesis and release is a feature of 
psychotic disorder consistently found in in vivo molecular imaging studies71,91,109–111, 
correlating with the severity of positive psychotic symptoms91,110,111. Striatal DA changes 
are additionally associated with changes in psychological domains like reinforcement 
learning (RL)112, that is, learning from the environment through punishment an reward. 
Abnormal RL is one of the more salient features of psychotic disorders113. 

DA is the most important neurotransmitter attributing salience to our environment. 
When DA is released in the striatal brain areas, it is believed to reflect a “teaching signal” 
for unexpected rewards or losses, referred to as reward prediction error (PE) 
signaling114, and considered to be crucial in the process of RL112115,116. 

Reward related behavior and RL have been shown to be impaired across the 
psychosis continuum117,118. A dysfunctional motivational reward system, potentially 
resulting in abnormal RL119, is thought to be caused by abnormalities in both striatal and 
extrastriatal brain regions and linked to changes in DAergic activity104,120–126. For 
example, DA depletion results in lack of motivational drive, apathy121 and reduced brain 
activity in the striatum and cingulate gyrus during anticipation of reward127. At the same 
time amphetamine-induced DA release in striatal brain regions has been associated with 
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pleasant emotions of anticipation75,121. There has been consistent evidence that a 
dysfunctional motivational reward system is present in psychotic disorder and thought 
to be related to abnormal dopaminergic neurotransmission. However, this has never 
been investigated in 22q11DS.  

PET imaging with [18F]fallypride has previously successfully been used to assess DA 
function in (extra)striatal brain regions during a RL paradigm98,128 and RL paradigms are 
often used to investigate DA-dependent function98,129,130. Another method often used to 
investigate reward mechanisms and functioning is functional magnetic resonance imaging 
(fMRI). Over recent years several fMRI studies have demonstrated alterations in the brain 
reward network in individuals with, and at clinical high risk for, psychosis, primarily in the 
striatal motivational system104,131–135. fMRI is a specific MRI technique used to measure 
changes in the blood flow in the blood vessels in the brain. fMRI is often used to assess 
blood-oxygen-level dependent (BOLD) brain activation during a task, to relate the location 
of brain activity to the functional component of a task. fMRI is therefore a valuable method 
to investigate the motivational system in the brain of 22q11DS individuals.  

The effect of the 22q11.2 deletion and COMT haplo-insufficiency on reward-induced 
striatal DA release is still unknown and the functional anatomy of the brain reward 
circuitry has not yet been investigated in 22q11DS. Therefore, in this thesis reward 
processing is investigated in 22q11DS using fMRI and PET imaging techniques, to gain 
insight in the neurobiology underlying abnormal reward processing as an 
endophenotype for mental disorders.  

3.3. Stress processing and cortisol functioning  

One of the most common environmental factors associated with increased risk for 
mental disorders is stress. Stressful events are thought to increase risk for mental 
disorders in vulnerable individuals and may precede the onset of a psychotic 
episode136,137. Chronic stress, especially during childhood, has been associated with a 
wide range of mental disorders including depression and psychotic disorder138. It is 
suggested that the wide variety of physical, mental and socioeconomic challenges 
individuals with 22q11DS have to face, might be related to the high rates of chronic 
stress and mental disorders in this group87. However, the underlying neurobiological 
mechanisms of stress processing and daily life stress reactivity have never been 
investigated in 22q11DS.  

Stress is a complex concept with several definitions139. It includes an objective event 
(stressor) and the appraisal and reaction to this stressor (stress). When a situation 
includes a negative external stressor and/or is negatively appraised, a physiological fight 
or flight response could be activated, associated with a cascade of events in the body 
driven by hypothalamic-pituitary-adrenocortical (HPA)-axis activation. Besides HPA-axis 
activation – releasing cortisol hormonal levels in our body - stress also influences several 
brain areas including the PFC and limbic brain regions140,141. Short, acute stress 
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responses are necessary for survival142, however long term exposure to stress (chronic 
stress) can have several negative effects on our psychological wellbeing and is even 
thought to dysregulate the normal stress response to a level that it is leading to 
increased psychopathology and mental disorders138,143.  

Impaired HPA-axis reactivity is assumed to play a crucial role in the development of 
mental disorders144,145, including mood disorders146, anxiety disorders147 and psychotic 
disorders144, also often reported in 22q11DS. In addition, cortisol is an important hormone 
in the endocrine and immune system of the body and could therefore potentially also be 
associated with the high number of immunological deficiencies, abnormal functioning of 
the endocrine system and metabolic disorders in 22q11DS2,22,148. 

COMT hemizygosity in 22q11DS makes stress reactivity also interesting to study as 
an endophenotype for mental disorders, since COMT Val158Met polymorphism is 
suggested to alter HPA axis functioning149150. The experience of chronic stress during 
critical developmental periods (environment) in relation to genetic susceptibility of 
COMT (genotype), could influence stress reactivity by the HPA-axis150. 

Studies using the experience sampling method (ESM), a structured diary technique, 
showed increased stress sensitivity (the emotional responses (positive and negative 
affect) to daily stress events) in psychotic patients, and first-degree relatives of these 
patients85,151. ESM is a diary method that monitors the experiences and subtle affective 
fluctuations of participants in their daily life. With an electronic device (the Psymate) 
multiple random assessments per day are collected over the course of multiple days. The 
assessments contain questions with a (usually) 7 point-Likert scale about the appraisal of 
the (current/past) event, activity, mood, psychopathology, exercise, company and, 
amongst others, their current food/drink/drug intake89,151. The experience sampling 
method has been proven to be a reliable approach to capture a wide variety of daily 
experiences and how people cope with these in a non-laboratory setting152 and has 
successfully been used to assess emotional stress reactivity in daily life84,85,151. ESM has 
also been used to study cortisol reactivity, by adding saliva sampling to the protocol153,154. 
Every time participants fill out an ESM assessment they also take saliva samples (using a 
cotton swab). This method has never been used in participants with 22q11DS, however 
it has been shown to be a reliable method for stress measurement in daily life in 
vulnerable populations like individuals with psychosis151,155–158. 

Stress reactivity and cortisol function in daily life in 22q11DS will therefore be studied 
in this thesis using ESM, in order to gain insight in the interaction between 
environmental triggers and the neurobiology underlying abnormal stress processing as 
an endophenotype for mental disorders in 22q11DS. 

4. Outline thesis 

The current thesis aims to investigate endophenotypes for mental disorders, with a focus 
on psychotic disorder, in adults with22q11DS. Given the 1) clear genetic make-up of haplo-



General Introduction 

21 

insufficiency of almost 50 genes, some of which are involved in neurotransmitter 
metabolism in the brain, and 2) the high rates of psychopathology, the identification of 
endophenotypes related to mental disorder in 22q11DS seems reasonable. Different 
methods are used that are suitable for a reliable measurement of the neurobiology of 
reward, stress and information processing. 

4.1. Objectives 
 
Reward processing and striatal dopamine functioning 

Chapter 1 (Neural correlates of reward processing in adults with 22q11 deletion 
syndrome) explores reward processing and the possible effect of COMT (genotype) in 
adults with 22q11DS using fMRI.  

Chapter 2 (Striatal dopamine release and impaired reinforcement learning in adults with 
22q11 deletion syndrome) investigates reinforcement learning and reward related striatal 
DA release and the possible effect of COMT genotype in adults with 22q11DS using PET. 

Information processing and frontal dopamine functioning 

Chapter 3 (Lower [18F]fallypride binding to dopamine D2/3 receptors in frontal brain 
areas in adults with 22q11.2 deletion syndrome: a positron emission tomography 
study) aims to investigate frontal DA levels in adults with 22q11DS using PET.  

Chapter 4 (PRODH rs450046 and proline x COMT Val158Met interaction effects on 
intelligence and startle in adults with 22q11 deletion syndrome) characterizes the 
association between PRODH & COMT and three specific endophenotypes: proline levels, 
IQ and sensorimotor gating (associated with frontal brain functioning) in adults with 
22q11DS using PPI. 

Stress processing and cortisol functioning 

Chapter 5 (Lower cortisol levels and attenuated cortisol reactivity to daily-life stressors 
in adults with 22q11DS: a study using the Experience Sampling Method) investigates 
HPA-axis function in 22q11DS, by studying cortisol levels and cortisol reactivity to daily 
life stressors (environmental triggers) in adults with 22q11DS using ESM.  

Chapter 6 (Emotional reactivity to daily stress in adults with 22q11DS: an experience 
sampling study) explores emotional reactivity to daily life stressors (environmental 
triggers) in adults with 22q11DS using ESM. 

General Discussion provides a general discussion of the main findings of the chapters 
and the research in this thesis. 
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Figure 1. Illustration of relevant endophenotypes for 22q11.2 deletion syndrome (22q11DS), using a 22q11.2 
deletion as a particular example of how genetic variation may contribute to variable phenotypes like 
psychiatric disorders (Inspired on Jonas et al., 2014) 
 

 
Figure 2. DNA (deoxyribonucleic acid) is organized in two copies of chromosomes containing genes with 
nucleotides. In the 22q11.2 deletion syndrome, genetic material in one copy of the long (q) arm of 
chromosome 22 is missing at location 11 including the gene encoding for the catechol-O-methyltransferase 
(COMT) enzyme degrading dopamine (inspired on and adapted from The Hospital for Sick Children 
www.aboutkidshealth.ca) 
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Figure 3. Developmental trajectories of psychiatric disorders in 22q11DS. As shown in the color key, each 
colored line portrays the estimated prevalence of a particular psychiatric disorder in 22q11DS patients 
throughout the life span. Shaded error bars for each line are illustrated to reflect variability across studies. 
Each percentage point on the line reflects data from published 22q11DS studies reporting on prevalence rates 
of anxiety disorder, attention-deficit/hyperactivity disorder (ADHD), autism spectrum disorder (ASD), mood 
disorder, psychotic disorder/schizophrenia and psychotic symptoms. (Adapted from Jonas et al., 2014) 
 

 
Figure 4. Illustration of (A) the neuroanatomy of dopamine neuronal pathways in the brain projecting to the 
basal ganglia (including the striatum) and the frontal cortex (including the prefrontal cortex - PFC) (adapted 
from https://thedailyomnivore.net/2012/11/08/mesolimbic-pathway/) and (B) an illustration of two neurons 
in a neuronal pathway with a focus on the synapse. The presynaptic terminal releases neurotransmitters 
(including dopamine) that can bind to the postsynaptic receptors. 
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Abstract 

Background  
22q11.2 deletion syndrome (22q11DS) is caused by a microdeletion on chromosome 
22q11.2 and associated with an increased risk to develop psychosis. The gene coding for 
catechol-O-methyl-transferase (COMT) is located at the deleted region, resulting in 
disrupted dopaminergic neurotransmission in 22q11DS, which may contribute to the 
increased vulnerability for psychosis. A dysfunctional motivational reward system is 
considered one of the salient features in psychosis and thought to be related to 
abnormal dopaminergic neurotransmission. The functional anatomy of the brain reward 
circuitry has not yet been investigated in 22q11DS. 

Methods 
This study aims to investigate neural activity during anticipation of reward and loss in 
adult patients with 22q11DS. We measured blood-oxygen-level dependent (BOLD) 
activity in 16 patients with 22q11DS and 12 healthy controls during a monetary incentive 
delay task using a 3T Philips Intera MRI system. Data were analyzed using SPM8.  

Results 
During anticipation of reward the 22q11DS group alone, displayed significant activation 
in bilateral middle frontal and temporal brain regions. Compared to healthy controls, 
significantly less activation in bilateral cingulate gyrus extending to premotor, primary 
motor and somatosensory areas was found.  

During anticipation of loss, the 22q11DS group displayed activity in the left middle 
frontal gyrus and anterior cingulate cortex, and relative to controls, showed reduced 
brain activation in bilateral (pre)cuneus, and left posterior cingulate.  

Within the 22q11DS group, COMT Val hemizygotes displayed more activation 
compared to Met- hemizygotes in right posterior cingulate and bilateral parietal regions 
during anticipation of reward. During anticipation of loss, COMT Met hemizygotes 
compared to Val hemizygotes showed more activation in bilateral insula, striatum and 
left anterior cingulate.  

Conclusions 
This is the first study to investigate reward processing in 22q11DS. Our preliminary results 
suggest that people with 22q11DS engage a fronto-temporal neural network. Compared 
to healthy controls, people with 22q11DS primarily displayed reduced activity in medial 
frontal regions during reward anticipation. COMT hemizygosity affects responsivity of the 
reward system in this condition. Alterations in reward processing partly underlain by the 
dopamine system may play a role in susceptibility for psychosis in 22q11DS. 

Keywords 
22q11 deletion syndrome, psychosis, reward, COMT  
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Background 

Psychotic disorders, including schizophrenia, are potentially devastating lifelong 
illnesses that are disabling and costly to patients, families, communities, and healthcare 
systems. Symptoms typically emerge during late adolescence and the estimated lifetime 
prevalence and incidence is approximately 0.3–0.7%1. Treatment advances in these 
heterogeneous disorders have been limited by insufficient mechanistic understanding 
of the underlying pathophysiology. Thus far, pharmacological treatments have been 
based on the premise of disrupted dopaminergic neurotransmission, but the exact 
nature of dopamine (DA) dysregulation remains complex2. 

One of the more recent theories of psychosis suggests that an aberrant brain reward 
system could explain some of the disorder’s clinical symptoms3. Anticipation of reward 
represents motivational behavior or drive (’’wanting’’), which is associated with 
activation of the typical cortical-basal ganglia circuit4 and particularly modulated by 
dopamine in the ventral striatum. Consequently, dopamine depletion results in lack of 
motivational drive, apathy5 and reduced brain activity in striatum and cingulate gyrus 
during anticipation of reward6, whereas amphetamine-induced dopamine release in 
striatal brain regions has been associated with pleasant emotions of anticipation5,7. Over 
recent years several functional magnetic resonance imaging (fMRI) studies have 
demonstrated alterations in the brain reward network in patients with, and at clinical 
high risk for, psychosis, primarily in the striatal motivational system8–13.  

One of the most important proteins that regulate extracellular brain dopamine 
concentrations is catechol-O-methyltransferase (COMT), an enzyme catabolizing 
released dopamine in cortical, particularly prefrontal, areas14. A functional single 
nucleotide polymorphism, Val158Met of the COMT gene (Val/Met), has been suggested 
to lead to a 40% reduction in enzyme activity and has been shown to affect cortical DA 
metabolism levels, with Val-carriers displaying lower extracellular DA levels than Met-
carriers15. This polymorphism contributes to measurable individual differences in human 
cognitive function16–18. Moreover, fMRI studies in healthy participants have shown that 
frontal and striatal activation during anticipation of reward is dependent on COMT 
genotype with Met homozygotes showing larger brain response than Val 
homozygotes19,20. 

Interestingly, the gene for COMT is located at chromosome 22q11.2, a chromosomal 
region that has received an interest from psychiatric geneticists for over 20 years. A 
deletion at 22q11.2 is the first and only copy number variant unequivocally implicated in 
psychotic disorders: people with 22q11 deletion syndrome (22q11DS) carry a 25- to 30-
fold increased risk of psychosis21–23. This shared genetic variant that greatly increases risk 
for psychosis makes individuals with 22q11DS a relatively homogeneous population to 
study psychotic vulnerability. Thus, 22q11DS can provide unique insights into risk and 
protective factors for psychotic vulnerability that not only benefit patients with 22q11DS, 
but could also help patients with psychosis that do not have this particular deletion.  
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COMT haplo-insufficiency in 22q11DS has been suggested as one explanation for the 
increased susceptibility for psychosis in 22q11DS. Indeed, it has been demonstrated that 
people with 22q11DS have reduced COMT gene expression24,25, enzyme activity25, and 
alterations in dopaminergic neurotransmission26,27. Because of a paucity of dopamine 
transporter expression in the frontal lobe, dopamine metabolism is largely dependent 
on COMT in frontal brain regions and therefore. Therefore, effects of reduced COMT 
gene dosage are expected to be most pronounced in frontal brain regions in subjects 
with 22q11DS25,28. In addition, the Val/Met polymorphism may have a larger effect in 
22q11DS because only one copy of the allele is present, and COMT Met hemi-zygotes 
may have extremely low COMT activity15,17,25,29,30. While COMT haplo-insufficiency has 
been proposed as one explanation for the increased risk of psychosis in 22q11DS, it 
should be noted that, overall, the association between COMT genotype and psychosis 
remains inconclusive31–33.  

The consequences of COMT haplo-insufficiency in humans with 22q11DS at a 
neuronal level, and how this relates to psychotic symptomatology is still unclear. More 
specifically, the effect of the 22q11.2 deletion and COMT haplo-insufficiency on reward 
processing is still unknown. We therefore explored for the first-time reward processing 
in adults with 22q11DS using a reward anticipation fMRI paradigm. We hypothesized 
that adults with 22q11DS, because of their increased susceptibility for psychosis, would 
not recruit brain regions that would normally be recruited during motivational behavior. 
In addition, we hypothesized that in 22q11DS brain activation during reward processing 
would be modulated by COMT Val/Met genotype. 

Methods 

Subjects 

Adult individuals with 22q11DS (n=16) were recruited through the Dutch 22q11DS family 
association and several Dutch Clinical Genetics Centres. Healthy volunteers (n=12) were 
recruited by local advertisement as described previously and are partially overlapping with 
the healthy volunteers of our previous studies6,34. The study was conducted at the 
Department of Psychiatry, Academic Medical Centre Amsterdam, The Netherlands and was 
approved by the local Medical Ethics Committee. All participants were capable of giving 
written informed consent and did so, after receiving full information on the study. All 
individuals with 22q11DS were interviewed by a physician using a semi-structured 
psychiatric interview. Patients with 22q11DS with psychosis were all on anti-psychotic 
medication and two 22q11DS patients without psychosis were using selective serotonin 
reuptake inhibitors (SSRIs) at the time of testing (Table 1). None of the healthy participants 
had a history of psychiatric disorders, medical conditions affecting brain function, substance 
or alcohol abuse and they were not using any medication at the time of testing.  
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The Positive and Negative Symptom Scale (PANSS)35 was used to assess positive, 
negative and general psychopathology in the 22q11DS group. In addition, for 
assessment of intelligence quotient (IQ) we used the shortened Dutch version of the 
Wechsler Adult Intelligence Scale (WAIS-III–NL) consisting of 5 subtests: vocabulary, 
comprehension, similarities (verbal IQ), block design, and object assembly (performance 
IQ)36,37. For demographics and clinical variables see Table 1. 

Genotyping 

Blood samples were collected from all subjects with 22q11DS participants. DNA was 
isolated from blood using standard procedures (Gentra Technology, Qiagen). 
Genotyping using 5′-nuclease Taqman assays for allelic discrimination (Life 
Technologies, Foster City, California, USA) was carried out with a LC-480 384-well 
Lightcycler (Roche Diagnostics, Mannheim, Germany)38. COMT Val158Met (rs4680) 
genotype was determined with Taqman assay C.25746809 A/G (Life Technologies). The 
Lightcycler LC-480 Software release 1.5.0 was used to analyze end point fluorescence.  

FMRI task: Monetary Incentive Delay 

We used event-related fMRI to assess blood-oxygen-level dependent (BOLD) brain 
activation during the monetary incentive delay (MID) task (Figure 1)39. In short, the MID 
task was used to evoke anticipation of potential monetary reward, loss, or no 
consequential outcome. It consists of two sessions of 72 trials of 6 sec, yielding a total 
of 144 trials and total duration of 14 minutes. During each trial, subjects were shown 
one of seven cues. Cues signaling reward were denoted by circles (n = 54), loss by 
squares (n = 54), and no monetary outcome by triangles (n = 36). The amount of money 
that subjects were able to win was indicated by one horizontal line (0.20 Euro), two lines 
(1.00 Euro) and three lines (5.00 Euros). Similarly, loss cues signaled the possibility of 
losing the same amounts of money. Subjects had to respond to the white target square 
that appeared for a variable length of time. To succeed in a trial, volunteers had to press 
the button during the time that the white square target was visible (target, 160-260 ms). 
Unlike the MID described by Knutson et al.39 we did not pay the amount of money 
earned during the task, reward and loss was based on point scoring6,34. 
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Figure 1. Monetary Incentive Delay task, structure for a representative trial. 

MRI data acquisition  

FMRI data were collected using a 3T MRI Philips system equipped with a sense head coil 
as previously explained 6,34. The task stimuli were generated using e-prime software 
(SCOPE V2.5.4/Pentium). For the MID task 360 event related, transversal multislice T2*-
weighted gradient-echo planar images (EPI) were acquired with: echo time (TE) 30ms, 
repetition time (TR) 2000ms, 96x96 matrix, 35 slices, 3x3 mm in-plane resolution, slice 
thickness 3mm with a 1mm interslice gap, covering the entire brain. For anatomical 
localization transversal high-resolution structural T1-weighted volumetric images were 
acquired in the same session, with full head coverage, using 150 contiguous slices (1 mm 
thick, with 0.89 x 0.89 mm in-plane resolution), a 256 x 256 x 124 matrix and a TR/TE of 
24/5 milliseconds (flip angle 45”, FOV 24 cm).  

FMRI data analyses 

All functional and structural brain images were pre-processed with the researcher blind 
for group status, as previously explained 6.  
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FMRI data pre-processing  

Slice time correction was used to adjust for time differences due to multi-slice image 
acquisition. The functional images were realigned to the first volume of the time series 
to correct for head movements. After co-registering functional images to the anatomical 
image, they were spatially normalized to the standard space of the Montreal 
Neurological Institute brain (MNI-brain). All functional images were sub-sampled to a 
voxel size of 2 × 2 × 2 mm. Normalized images were smoothed with a Gaussian kernel of 
8 mm full width at half maximum. 

FMRI data statistical analysis 

The analyses focused on changes in blood-oxygen-level dependent (BOLD) contrast that 
occurred during anticipatory delay periods and were conducted using SPM8 (Wellcome 
Department of Cognitive Neurology, London, UK). The pre-processed fMRI data were 
analyzed in the context of the general linear model (GLM) approach40 using a two-level 
procedure. 

At the first level, seven conditions (RewardHigh, RewardMedium, RewardLow, Neutral, 
LossHigh, LossMedium, Losslow) were modelled by a boxcar function convolved with a 
hemodynamic response function. The movement parameters were included as 
confounds in the design matrix. Changes in the BOLD response were assessed using the 
estimated GLM parameters for the anticipation of potential monetary gain versus 
anticipation of no monetary outcome (reward vs. neutral) and the anticipation of 
potential monetary loss versus anticipation of no monetary outcome (loss vs. neutral). 
In the second level analysis, individual contrast images of the first level analysis were 
included in a two-sample t-test to detect relevant brain activation in patients with 
22q11DS and in healthy controls. Subsequently, within the 22q11DS group, effects of 
COMT genotype and PANSS scores on brain activation were tested. For the whole brain 
analysis, comparisons were corrected for multiple comparisons using family wise error 
correction (FWEcor) P<0.05 at cluster level (extent threshold of 10 voxels).  

Results 

Demographic characteristics 

Patients with 22q11DS did not differ in age compared to healthy controls (22q11DS 28.2 
years ± 6.0 vs controls 29 years ± 9.6, p=0.79). Also, gender distribution was not 
significantly different between the two groups (22q11DS M/F ratio 8/8; controls M/F 
ratio 8/4; p=0.46, Fisher’s exact test). 22q11DS patients and healthy controls differed in 
total IQ scores (HC 110 (10) and 22qDS 77 (10), p<0.001). Within the 22q11DS group, 5 
had a psychotic disorder, 6 were Val hemizygote and 10 were Met hemizygote (Table 1).  
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Table 1 Characteristics of participants 

 22q11DS (n=16) Controls (n=12) P 
Age (SD) 28.2 (6)  29 (9.6) 0.79 
Gender (M/F) 8/8 8/4 0.46 
IQ (SD) 
Psychosis (Y/N) 

77 (10) 
5/11 

110 (10) <0.001 

COMT genotype (Met/Val) 6/10   
PANSS total 45.5   
PANSS positive 8.4   
PANSS negative 
Medication (n) 

13.9 
Quetiapine (3) 
Risperidone (1) 
Lithiumcarbonate (1) 
Paroxetine (1) 
Methylphenidate (1) 
Venlafaxine (1) 
Clozapine (1) 
Lamotrigine (1) 

  

Task Performance 

Repeated measures ANOVA showed no significant main effect of group (p=0.25) on 
reaction time performance. Reaction times in healthy controls in reward (243.4 ms ± 
29.3) and loss (250.7 ms ± 38.4) conditions did not differ from those in patients with 
22q11DS (reward: 231.8 ms ± 29.2; loss: 230.1 ms ± 29.3). There was no main effect of 
incentive value (p=0.26) on reaction time performance and no significant interaction 
effect (incentive value*group, p=0.09). 

FMRI results 
Patients with 22q11DS  

During anticipation of reward, patients with 22q11DS significantly activated a large 
cluster (23094 voxels) encompassing the bilateral middle frontal lobe and bilateral 
middle and superior temporal lobe (PFWE<0.001 corrected for multiple comparisons at 
cluster level, table 2). During anticipation of loss, patients with 22q11DS showed 
activation in a cluster (19786 voxels) including the left middle frontal gyrus and the 
anterior cingulate cortex (PFWE<0.001, table 2). Within the 22q11DS group without 
psychosis (n=11) the same regions were found as in the total 22q11DS group during 
anticipation of reward (same peak clusters, less significant PFWE <0.001 corrected) and 
during anticipation of loss (same peak clusters, not significant (PFWE = 0.140)). Within the 
22q11DS group there was no relation between PANSS scores and reward or loss related 
brain activity. 
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Patients with 22q11DS vs. Healthy Controls  

During anticipation of reward, patients with 22q11DS, compared to controls, showed 
reduced activation (pFWE<0.001) in a cluster (9271 voxels) covering the bilateral cingulate 
gyrus extending to premotor, primary motor and somatosensory areas (table 3, figure 
2A). During anticipation of loss, patients with 22q11DS showed reduced activation 
(pFWE<0.05) in a cluster (3147 voxels) encompassing the left posterior cingulate cortex 
and extending bilaterally to the cuneus and precuneus (table 3, figure 2B).  

22q11DS Val hemizygotes vs. 22q11DS Met hemizygotes 

Within the 22q11DS group, anticipation of reward resulted in more activation of the 
right posterior cingulate and bilateral parietal regions in Val hemizygotes compared to 
Met hemizygotes (Cluster size: 3008 voxels, pFWE <0.05, Table 4, figure 3A). Anticipation 
of loss resulted in significantly more activation in the bilateral insula, striatum and left 
anterior cingulate in Met hemizygotes compared to Val hemizygotes (Cluster size: 4481 
voxels, Table 4, figure 3B).  
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Table 2. Peak level coordinates in the significant* cluster during anticipation of reward 

Group Brain structure BA MNI coordinates T score 
        x y z   
22q11DS L Hypothalamus NA -10 -6 -8 4.83 
  R Inferior Frontal Gyrus 47 26 18 -12 5.08 
  L Medial Frontal Gyrus 6 -10 -30 74 5.35 
  L Middle Frontal Gyrus 8 -24 20 48 4.53 
  R Middle Frontal Gyrus 10 34 50 0 4.53 
  L Middle Temporal Gyrus 21 -52 -46 4 4.37 
  R Middle Temporal Gyrus 21 54 -24 -12 4.64 
  R Putamen NA 28 -10 12 4.64 
  L Superior Temporal Gyrus 39 -34 -58 28 4.52 
  R Superior Temporal Gyrus 41 56 -20 4 4.63 
Controls L Cingulate Gyrus 24 -4 -10 40 7.79 
  R Cingulate Gyrus 24 4 -12 40 7.26 
  R Cingulate Gyrus 23 4 -16 34 6.96 
  R Cingulate Gyrus 23 4 -32 28 5.52 
  R Cingulate Gyrus 24 2 -18 44 9.02 
  R Cingulate Gyrus 23 4 -12 30 5.64 
  R Middle Occipital Gyrus 18 32 -88 -8 7.39 
  L Posterior Cingulate 23 -2 -30 24 9.25 
  R Precentral Gyrus 4 20 -28 72 6.22 
  L Precuneus 31 -8 -62 22 5.73 
  R Precuneus 31 20 -78 26 6.58 
  R Superior Frontal Gyrus 6 6 16 68 5.69 
  L Transverse Temporal Gyrus 41 -42 -30 12 6.08 
22q11DS>Controls No significant results           
Controls>22q11DS L Cingulate Gyrus 24 -4 -12 38 3.10 
  L Cingulate Gyrus 24 -8 -20 40 3.24 
  R Cingulate Gyrus 24 4 -12 40 4.63 
  R Cingulate Gyrus 23 4 -30 28 3.28 
  R Cingulate Gyrus 24 2 -20 40 5.03 
  R Cingulate Gyrus 31 12 -32 42 3.24 
  R Medial Frontal Gyrus 6 10 -12 74 3.66 
  L Paracentral Lobule 5 -8 -44 50 3.12 
  R Paracentral Lobule 4 6 -42 72 3.10 
  R Postcentral Gyrus 4 12 -38 60 4.60 
  L Precuneus 31 -2 -70 24 3.31 

*p<0.001 corrected at cluster level. L: left, R: right, BA: Brodmann area 
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Table 3. Peak level coordinates in the significant* cluster during anticipation of Loss 

Group Brain structure BA MNI coordinates T score 
        x y z   
22q11DS L Cingulate Gyrus 24 -6 -6 34 5.29 
  L Cingulate Gyrus 24 -10 6 38 4.14 
  L Hippocampus NA -28 -22 -8 3.96 
  L Hypothalamus NA -8 -6 -10 5.44 
  R Medial Frontal Gyrus 6 10 0 66 4.14 
  L Middle Frontal Gyrus 6 -26 -4 64 4.34 
  L Middle Frontal Gyrus 11 -32 44 -8 4.07 
  R Middle Frontal Gyrus 6 30 10 60 3.93 
  R Middle Frontal Gyrus 10 34 38 22 6.04 
Controls R Cingulate Gyrus 24 2 -12 36 6.43 
  R Cingulate Gyrus 24 2 -16 44 4.96 
  R Cingulate Gyrus 24 10 -12 40 4.12 
  L Insula 13 -32 8 18 4.17 
  R Medial Frontal Gyrus 6 10 -14 54 4.99 
  R Medial Frontal Gyrus 6 10 -16 58 4.59 
  L Middle Frontal Gyrus 11 -30 36 -12 5.62 
  R Middle Frontal Gyrus 6 26 -18 66 4.75 
  R Middle Frontal Gyrus 9 28 32 32 4.59 
  R Precentral Gyrus 4 20 -26 68 5.29 
  R Precentral Gyrus 6 24 -16 74 4.08 
  R Superior Temporal Gyrus 41 48 -28 8 4.07 
22q11DS>Controls No significant results           
Controls>22q11DS L Cuneus 18 -4 -80 24 2.78 
  L Cuneus 18 -4 -90 12 2.74 
  L Cuneus 18 -10 -88 12 2.80 
  L Cuneus 18 -8 -84 20 3.06 
  R Cuneus 18 18 -84 26 3.62 
  R Cuneus 18 10 -82 26 2.84 
  R Cuneus 18 16 -86 16 3.01 
  R Cuneus 7 22 -84 32 2.95 
  R Cuneus 7 22 -80 28 3.00 
  L Middle Occipital Gyrus 19 -28 -82 14 2.89 
  L Posterior Cingulate 23 -4 -54 22 2.86 
  L Precuneus 31 -2 -72 26 3.11 
  L Precuneus 31 -6 -68 24 3.20 
  L Precuneus 31 0 -78 24 2.81 
  L Precuneus 31 -24 -78 14 2.70 
  R Precuneus 7 14 -70 52 2.71 

*p<0.001 FWE-corrected at cluster level. L: left, R: right, BA: Brodmann area 
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Table 4 Peak level coordinates in the significant* cluster during anticipation of reward and loss in 22q11DS 
COMT Val and Met hemizygotes 

Group Brain structure BA MNI coordinates T score 
        x y z   
REWARD-NEUTRAL               
Val>Met L Cingulate Gyrus 31 -6 -48 34 2.77 
 L Cingulate Gyrus 31 -4 -40 44 2.57 
 R Cingulate Gyrus 23 4 -28 28 2.86 
 R Middle Frontal Gyrus 6 16 -8 62 2.63 
 R Paracentral Lobule 4 6 -38 62 3.48 
 R Paracentral Lobule 5 8 -42 58 2.99 
 L Postcentral Gyrus 3 -20 -32 56 2.93 
 R Postcentral Gyrus 3 10 -36 66 3.67 
 R Postcentral Gyrus 3 24 -34 58 3.09 
 R Posterior Cingulate 30 6 -46 20 2.59 
 R Precentral Gyrus 4 32 -32 56 3.24 
 R Precentral Gyrus 4 34 -30 68 3.05 
 R Precentral Gyrus 4 26 -30 64 3.01 
 R Precentral Gyrus 6 22 -24 68 2.73 
 L Precuneus 31 -10 -48 36 2.69 
 R Precuneus 7 12 -66 40 3.00 
Met>Val No significant results           
LOSS-NEUTRAL               
Val>Met No significant results           
Met>Val L Anterior Cingulate 24 -2 30 20 2.91 
 L Caudate Body NA -12 -2 20 3.42 
 R Caudate Body NA 10 -2 20 2.84 
 L Cingulate Gyrus 23 -6 -34 28 3.58 
 L Cingulate Gyrus 31 -16 -40 28 2.88 
 L Insula 13 -34 -6 16 2.86 
 L Posterior Cingulate 23 -2 -40 22 3.29 
 L Putamen NA -24 -12 16 2.89 
 L Superior Temporal Gyrus 22 -64 -42 8 2.79 
  L Thalamus NA -18 -8 14 2.73 

 *p<0.05 FWE-corrected at cluster level. L: left, R: right, BA: Brodmann area 
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Figure 2. SPM t-value for healthy controls versus 22q11DS patients showing significant reduced BOLD 
activation in 22q11DS patients in the cingulate cortex, primary motor and somatosensory areas during 
anticipation of reward (A), and in posterior cingulate cortex and cuneus during anticipation of loss (B). 
 

 
Figure 3. SPM t-value for 22q11DS Val vs. Met hemizygotes showing significant increased BOLD activation in 
Val hemizygotes in the cingulate cortex and parietal regions during anticipation of reward (A), and reduced 
activation in anterior cingulate cortex, striatum and insula during anticipation of loss (B). 
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Discussion 

To our knowledge, this is the first study to investigate the neural substrates of reward 
processing in people with 22q11DS, a population at high risk of developing a psychotic 
illness. Our main fMRI findings suggest that reward anticipation in 22q11DS engages 
a fronto-temporal network. Compared to healthy controls, people with 22q11DS 
primarily displayed reduced activity in medial frontal regions during reward anticipation. 
During anticipation of loss, a reduction in bilateral (pre)cuneus and left posterior 
cingulate activity was observed. Further analyses also revealed an effect of COMT 
genotype on the 22q11DS reward anticipation network. 

The dysfunctional 22q11DS reward processing network 

The 22q11DS reward anticipation network seems different from healthy controls in 
several ways. During anticipation of reward, reduced activity in the cingulate gyrus and 
medial frontal brain regions was observed. These are all key structures of the reward 
circuitry in healthy controls6,39,41–44. 

Decreased cingulate gyrus activity during reward anticipation could be related to 
impairments in predicting reward outcome, since this region is related to prediction error 
in reinforcement learning 45–47. Reduced activation in medial frontal brain regions in 
22q11DS during reward and posterior cingulate and (pre)cuneus brain regions during loss 
may be a reflection or consequence of the anatomical abnormalities typically seen in people 
with 22q11DS. These alterations included grey matter reductions in frontal and temporal 
regions and widespread white matter reductions primarily in the posterior lobe48–52. 

In contrast to other studies53,54, we were not able to find significant activity in the 
ventral striatum during reward processing, a core region of the reward 
network11,39,44,55,56. This could be due to the small sample size and the small area that 
includes the ventral striatum. Moreover, the mixed gender group in our study could 
have affected the results, since anticipation of monetary reward differentially activates 
mesolimbic brain regions in women compared to men57.  

Interestingly, similarities in the reward anticipation network exist between 22q11DS 
and the schizophrenia spectrum. In line with our findings in 22q11DS, previous studies in 
unmedicated schizophrenia patients showed reduced activity in the cingulate gyrus58 and 
a recent study in siblings of schizophrenia patients, at increased genetic risk for 
schizophrenia, found fronto-striatal dysfunctioning during reward anticipation59. 
Behavioural studies furthermore found evidence for impaired functioning on reward tasks 
that depend on cortical regions in people with schizophrenia, which is in line with our 
results and suggested to be associated with negative symptoms60,61. Interestingly, the 
clinical pattern in 22q11DS is also characterized by predominant negative symptoms62,63. 

The similarities in the reward network between 22q11DS and schizophrenia 
spectrum may indicate that 22q11DS is associated with similar behavioral impairments 
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typically seen in schizophrenia such as anhedonia, decreased motivation and a lack of 
reward sensitivity54,64–66. Future studies should further investigate the presence of these 
symptoms in relation to the reward processing network in 22q11DS.  

Lastly, it is interesting to speculate on the implications of abnormal reward related 
activity for the behavioural phenotype in 22q11DS. This may suggest a decreased 
hedonic component of reward anticipation and, as such, could have implications for (risk 
of) addiction and substance abuse in 22q11DS67. Interestingly, in contrast to 
schizophrenia patients68 and the general population, only a small percentage of 
22q11DS patients suffer from addiction and display substance abuse62,67,69, possibly 
suggesting aberrant reward sensitivity. The link between abnormal reward-related brain 
activity and reward seeking behavior in 22q11DS requires further investigation. 

COMT genotype effects on 22q11DS reward processing  

In line with previous studies investigating reward anticipation with fMRI in healthy 
controls19,70, we found an effect of COMT genotype on reward processing. However, the 
present results should be considered preliminary due to the small sample size of the 
COMT genotype subgroups. We observed that the high-activity Val allele compared to 
Met-allele carriers was associated with increased activity in posterior cingulate and 
parietal regions during anticipation of reward. Whereas the low-activity Met allele, 
compared to Val allele, was associated with increased activity in the anterior cingulate 
cortex and striatum during anticipation of loss. These results are in line with previous 
fMRI research in 22q11DS showing less efficient cingulate activity in Met-carriers, during 
a response inhibition task71. This is furthermore supported by structural findings in 
22q11DS adults showing that the COMT Met-allele was associated with decreased 
frontal lobe volume72, which is consistently found to have abnormal functioning and 
structure in 22q11DS48,73. While preliminary, these results are noteworthy because they 
provide clues on the underlying reward-related alterations in neurochemical signaling in 
22q11DS, which could lead to more insight in possible treatment targets74.  

Variation in COMT genotype has been associated with altered cortico-striatal 
dopaminergic activity75,76. 22q11DS COMT hemizygosity has been associated with 
decreased cortical COMT expression and enzyme activity, possibly greatly increasing 
extracellular DA in 22q11DS Met-carriers and moderately increasing extracellular DA in 
22q11DS Val-carriers24,25.  

Met-hemizygosity in 22q11DS is associated with worse prefrontal cognitive 
functioning, possibly related to increased levels of tonic DA and decreased phasic DA 
release76. Alterations in DA function have previously also been implicated to play a role 
in reward-related dysfunction and the development of psychotic symptoms in 
schizophrenia3,7,77. Moreover, lower striatal mean D2/3R binding has been found in Met-
hemizygotes, possibly reflecting higher synaptic DA levels78. All in all, these findings may 
suggest that changes in dopamine function might explain the effect of COMT genotype 
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on reward related brain activity in frontal and striatal brain regions in 22q11DS. This 
explanation, however, remains speculative since the mechanism underlying COMT 
genotype effects on extracellular DA levels is thought to be far more complex, because 
of the different isoforms and the suggested intracellular location of COMT14,79–81 and our 
methods could not provide information on extracellular DA levels. 

Lastly, the observation that brain activity associated with anticipation of reward and 
loss was differentially modulated by COMT genotype in 22q11DS, may suggest that COMT 
genotype impacts preferred reward engagement strategies such as reward and loss 
seeking or aversion behavior. This idea is supported by previous work hypothesizing that 
the Met-genotype is associated with higher loss aversion70 and lower extraversion82.  

Limitations and future directions  

A limitation of the study is the relatively small sample size of the total and COMT specific 
sample, the presence of psychotic disorder in a part of the 22q11DS group and the use 
of medication in some subjects, which could have affected brain function83. We 
reanalyzed a subset of the 22q11DS group excluding the 22q11DS subjects with 
psychosis and replicated the majority of our prior fMRI results, finding the same peak 
clusters in botch conditions. However, in the anticipation of loss condition, the findings 
did not survive the level of significance, which could be the result of the smaller sample 
size. The present results should therefore be considered preliminary and replication is 
needed. In light of the rarity of the disorder and the challenge of recruitment, the sample 
size of the group however could be considered acceptable. 

Future research could address some other limitations of this study. In line with 
previous studies that used a point scoring system34 our participants did not receive the 
actual money that they gained. Lack of a powerful reinforcer such as money might have 
influenced the participants’ motivation to perform to the best of their abilities, possibly 
affecting activation patterns in brain reward regions.  

Furthermore, given that the BOLD signal is a hemodynamic measure, the 
neurochemical mechanism behind alterations in the 22q11DS reward network is 
unclear. The observed between-group and COMT effects could reflect changes in 
catecholaminergic activity or downstream consequences of these changes on other 
neurotransmitter systems. Positron emission tomography (PET) studies in this disorder 
could be an important next step in investigating the degree of dopaminergic 
abnormalities during reward processing in 22q11DS. 
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Conclusion 

This study is the first to investigate reward processing in 22q11DS. Our preliminary 
results suggest that people with 22q11DS engage a fronto-temporal neural network 
during reward processing and that compared to controls, brain activation within the 
22q11DS group is reduced in medial and frontal brain regions.  

Similarities with the reward neural network within the schizophrenia spectrum were 
observed, which is in line with the clinical overlap between the behavioral impairments 
typically seen in 22q11DS and schizophrenia.  

Our findings may be explained by the anatomical abnormalities typically seen in 
22q11DS or by the COMT haplo-insufficiency in 22q11DS, which is hypothesized to result 
in primarily abnormal frontal DA levels and increased extracellular DA release in low 
activity Met hemizygotes. In line with this notion, an effect of 22q11DS COMT-genotype 
on reward processing was additionally observed, which may provide further clues on the 
underlying reward-related alterations in neurochemical signaling in 22q11DS and its 
possible relevance for psychotic disorder. 
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Abstract  

22q11.2 deletion syndrome (22q11DS) is a genetic disorder caused by a microdeletion 
on chromosome 22q11.2 and associated with an increased risk for developing psychosis. 
The catechol-O-methyltransferase (COMT) gene is located in the deleted region and 
involved in dopamine (DA) breakdown. Impaired reinforcement learning (RL) is a 
recurrent feature in psychosis and thought to be related to abnormal striatal DA 
function.  

This study aims to examine RL and the potential association with striatal DA-ergic 
neuromodulation in 22q11DS. Twelve non-psychotic adults with 22q11DS and sixteen 
healthy controls (HC) were included. A dopamine D2/3 receptor [18F]fallypride positron 
emission tomography (PET) scan was acquired while participants performed a modified 
version of the probabilistic stimulus selection task. 

RL-task performance was significantly worse in 22q11DS compared to HC. There 
were no group difference in striatal nondisplaceable binding potential (BPND) and task-
induced DA release. In HC, striatal task-induced DA release was positively associated 
with task performance, but no such relation was found in 22q11DS subjects. Moreover, 
higher caudate nucleus task-induced DA release was found in COMT Met hemizygotes 
relative to Val hemizygotes. 

This study is the first to show impairments in RL in 22q11DS. It suggests that 
potentially motivational impairments are not only present in psychosis, but also in this 
genetic high risk group. These deficits may be underlain by abnormal striatal task-
induced DA release, perhaps as a consequence of COMT haplo-insufficiency.  

Key words: 22q11DS; dopamine; reinforcement learning; PET; COMT 
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Introduction 

22q11.2 deletion syndrome (22q11DS) is a genetic disorder caused by a microdeletion 
on chromosome 22q11.2 and associated with a heterogeneous phenotype including 
cognitive impairments and psychiatric disorders1–3. Specifically, a 25- to 30-fold 
increased risk for developing psychosis has been consistently found in 22q11DS, making 
it the only copy number variant unequivocally implicated in psychotic disorders1,4.  

Some of the psychopathology typically seen in adults with 22q11DS may be underlain 
by dopamine (DA) dysfunction5–7. One explanation for altered DA signaling in 22q11DS 
is the haploinsufficiency of the gene coding for the catechol-O-methyltransferase 
(COMT) enzyme, which is among the genes in the deleted region. COMT catabolizes 
extracellular DA and COMT haploinsufficiency in 22q11DS has therefore been linked to 
aberrant DA levels 8. Interestingly, in 22q11DS the COMT Val/Met genotype has been 
suggested to be associated with frontal and striatal DA function5. We previously 
reported that 22q11DS carriers with the less active COMT Met-allele show lower striatal 
DA D2/3 nondisplaceable receptor binding potential (D2/3R BPND) compared to Val-
hemizygotes5.  

Changes in brain DA function observed in 22q11DS may directly relate to their 
increased risk to develop a psychotic disorder, given that striatal DA dysfunction is a 
hallmark characteristic of psychotic disorders, including schizophrenia9,10. Increased 
striatal presynaptic DA synthesis and release is a feature of psychotic disorder 
consistently found in in vivo molecular imaging studies9,11–14, which correlates with the 
severity of positive psychotic symptoms9,13,14. Striatal DA changes have additionally been 
associated with abnormalities in several psychological domains, including impaired 
reinforcement learning (RL)15. RL, i.e. learning from the environment through reward 
and punishment, has been shown to be impaired across the psychosis continuum16,17. 
This finding has been established in both (unmedicated) patient18–20 and genetic risk 
groups21,22. Additionally, abnormal RL has been shown to be related to the severity of 
psychosis symptom dimensions19,23,24. 

Impairments in RL have been found to be related to abnormalities in both striatal 
and extrastriatal brain regions and are thought to be underlain by changes in DA 
function22,25–27. RL paradigms are often used to investigate DA-dependent 
function15,28,29. Several studies indicate that reward prediction error (PE) signaling, i.e. 
the “teaching signal” for unexpected rewards or losses 29, is aberrant in the psychosis 
continuum30–32, and has been suggested to be associated with fluctuations in (striatal) 
DA function33,34. 

To summarize, there has been consistent evidence that abnormal RL is present in the 
psychosis spectrum, possibly underlain by changes in striatal DA function. The 
investigation of RL and related brain DA function in 22q11DS, a unique genetic model 
for developing psychosis, could increase insight into the pathophysiology of psychotic 
disorder and 22q11DS. Interestingly, a recent functional magnetic resonance imaging 
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(fMRI) study from our group showed that individuals with 22q11DS show widespread 
alterations in regions underlying the reward neuronal network35. In that study, 
preliminary evidence for the effect of COMT Val/Met genotype on responsivity of the 
reward system in 22q11DS was additionally observed, further fuelling speculation that, 
in part, abnormalities in the reward network may be underlain by changes in DA 
function. 

One way to investigate DA signaling in vivo is with positron emission tomography 
(PET), which has previously been used to assess DA function during a RL paradigm27,28. 
High-affinity radioligands such as the D2/3R antagonist [18F]fallypride have been 
successfully used to assess striatal and extrastriatal DA signaling28,36–41.  

This study aims to investigate, for the first time, striatal DA release during a RL 
paradigm in 22q11DS using PET. In accordance with previous work27,35,42 we 
hypothesized 1) impaired performance during a RL-task in 22q11DS, consistent with 
other high-risk and patient groups, 2) associations with abnormal striatal task-induced 
DA release and 3) an effect of the COMT Val/Met genotype on striatal task-induced DA 
release in 22q11DS.  

Experimental procedures 

Participants 

A total of 13 adult individuals (8 females and 5 males) with 22q11DS were recruited in The 
Netherlands and Belgium through the Dutch 22q11DS family network and the National 
Adult 22q11DS Outpatient Clinic at Maastricht University Medical Centre. Adults with 
22q11DS that participated in previous studies were also contacted. The 22q11DS sample 
was compared to a previously published28 healthy control (HC) sample consisting of 18 
Dutch HCs (12 females and 6 males). Recruitment of HC has been described previously28. 
All participants were capable of giving written informed consent and did so after receiving 
full information on the study. Participants were treated in accordance with the Declaration 
of Helsinki (World Medical Association 2013). The study was approved by the Medical 
Ethical Committee of Maastricht University (The Netherlands) and the RWTH Aachen 
University ethics committee of Universitäts Klinikum (UK) (Germany). The PET protocol 
was additionally approved by the national authority for radiation protection in humans in 
Germany (Bundesamt für Strahlenschutz, BfS). Participants received coupons with a total 
value of €100 for participating in the PET-study and an additional coupon with a total value 
of €15 as reward for their performance on the RL task. 

Exclusion criteria for 22q11DS participants were: 1) lifetime history of psychosis as 
determined by the Mini-International Neuropsychiatric Interview (M.I.N.I.)43 and/or 
current or previous use of antipsychotic or stimulant medication, 2) contraindications for 
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MRI and/or PET imaging, 3) pregnancy (verified on the day of the scan using a pregnancy 
test), 4) current drug use (verified on the day of the scan using a urine drug test). 

Two participants with 22q11DS that used selective serotonin reuptake inhibitors 
(SSRIs) (escitalopram (10 mg) and paroxetine (20 mg)) were asked to refrain from taking 
their medication on the day of the scan, in light of the effect of antidepressant 
medication on the DA system44,45; other participants did not take any psychotropic 
medication. Two HC participants were smokers and were asked not to smoke before the 
scan, given the effect of nicotine on DA function46. One HC was excluded based on non-
compliance with the study procedures and another one due to poor image quality. One 
22q11DS participant was excluded due to excessive head movement. Therefore, the 
final sample consisted of 16 HC and 12 22q11DS participants (table 1). 

Behavioral and physiological assessments 

Total intelligence quotient (IQ) of the 22q11DS participants was assessed on the day of 
scanning or in a separate session before or after the PET session (mean=54.9 days, 
SD=51.6, range 8-247 days). IQ scores were determined using the shortened Dutch 
version of the Wechsler47 Adult Intelligence Scale (WAIS-III) which consists of 4 subtests: 
arithmetic and information (verbal IQ) digit-symbol-coding and block patterns 
(performance IQ)47. The Positive and Negative Syndrome Scale (PANSS)48 for 
schizophrenia was used to assess the presence and severity of psychopathology. IQ of 
the HC group was estimated using the Dutch Adult Reading Test (DART)49. Other 
assessments of the HC group are described previously28. 

Procedure 

The details of the PET procedure and RL-task (figure 1) have been described 
previously28,50 and can be found in the supplementary material. In short, a whole-brain 
T1-weighted MRI was acquired. Next, a non-magnetic intravenous cannula was placed 
in the antecubital vein of the participant’s arm at least 90 minutes before the start of 
the PET scan. Participants were positioned on the scanner bed with their head fixated 
using a firm strap, in order to minimize head movement. Prior to the start of the PET 
paradigm, a 10-minute low dose 68Ge/68Ga transmission scan was obtained, followed by 
the injection of the radiotracer. We utilized a single infusion  [18F]fallypride PET 
paradigm, consistent with previous studies36,39. 

The entire PET protocol lasted 180 minutes. During the scan, the task was presented 
on a 30-inch screen placed in the field of view of the participant. First, an 80-minute 
sensory-motor control condition was used. Then participants were removed from the 
scanner bed for a 15-minute break. They were repositioned using the localization system 
of the scanner and a 25-minute baseline rest scan was obtained. Subsequently, a 60-
minute experimental condition started (120 minutes post-injection) during which a 
probabilistic RL-paradigm was performed. We used an adapted version of the 
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Probabilistic Stimulus Selection Task (PSST)51, modified to include social feedback as 
described previously28. See figure 1 and the supplementary material for a detailed 
overview. In short, this task consisted of a learning phase of 6 thematic blocks of 3*40 
trials (total of 120 trials per block, lasting approximately 9 minutes) and a test phase of 
one block of 60 trials (lasting approximately 5 minutes). Each trial consisted of an actor, 
who was associated with an optimal (winning money) and suboptimal (losing money) 
stimulus, with different reinforcement probabilities (probability of winning money for 
each stimulus pair): 90%-10%, 80%-20% and 70%-30%. The total amount of money 
earned and accuracy (proportion of correct choice) served as outcome variables. 

 
Figure 1 PET acquisition protocol (A) and task (B). A: timeline in minutes. *TS = 68Ge/68Ge transmission scan. 
B: During the PET experimental condition the probabilistic stimulus task (PSST) was performed (image adapted 
from Kasanova et al., (2017) with permission). Supplementary figure 1 shows additional information. 

Imaging data acquisition and analysis  

Details of both the MRI and PET analysis have been previously outlined28, and can be 
found in the supplementary material. In short, SPM2 (Wellcome Trust, UK) was used to 
realign all dynamic [18F]fallypride frames. An automatic protocol using the PMOD 
software package (v. 3.6, PMOD Technologies Ltd., Zurich, Switzerland) was used to 
perform the remaining pre-processing steps to obtain time-activity curves (TACs) for 
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striatal regions of interest (ROIs; left (L), right (R) and mean 1) caudate nucleus (CNC), 2) 
putamen and 3) ventral striatum (VST)) and the cerebellum which is devoid of D2/3R 
(reference region)52. An automatized delineation of the ROIs was performed using the 
N30R83 Hammers probabilistic atlas. 

Analysis of PET data were performed conform previous work28,36,39,41,53,54 using the 
linear extension of the SRTM (LSRRM)55, to estimate kinetic parameters and the PET 
TACs for all ROIs 55. Using an in-house script running in MATLAB (version 6.5) binding 
potential (BPND) and the amplitude of task-induced [18F]fallypride displacement (gamma 
[γ]), reflecting task-induced DA release41,55, was estimated in each ROI, and served as an 
outcome variable41,55.  

Genotyping 

Blood samples were collected from all 22q11DS subjects to assess COMT Val158Met 
genotype status. Collection, isolation, genotyping and analyses of the DNA material 
were carried out as described previously56. COMT Val158Met (rs4680) genotype was 
determined using the appropriate Taqman SNP Genotyping Assay (Applied Biosystems, 
Life Technologies Ltd., Paisley, UK). Genotyping was successful in 10 participants with 
22q11DS. DNA samples and COMT genotypes of the HC group were not available. 

Statistical analyses 

Statistical analyses were conducted in SPSS (IBM SPSS Statistics version 22.0) and 
GraphPad (GraphPad Prism version 6.0). For all analyses the level of statistical 
significance was set to p<0.05. Between-group differences in demographic 
characteristics and task performance were investigated using Chi-square and 
independent sample t-tests. An analysis of variance (ANOVA) was conducted to 
investigate between-group differences in task-performance and each probability 
condition. The outcome measure used for task-induced DA release was gamma (y). To 
investigate group differences in BPND and task-induced DA release, an ANOVA was 
performed with correction for IQ. A series of regression analyses were performed to test 
the association between task-induced DA release and task-performance with total 
winnings and accuracy as the outcome variables and group, task-induced DA release for 
each ROI, and their interaction as the predictors. Finally, an exploratory analysis of the 
effect of COMT genotype on task-induced DA release within the 22q11DS group was 
conducted using an ANOVA. All regression analyses were corrected for smoking status, 
age, gender and IQ. 
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Results 

Sample characteristics and behavioral performance on RL-task  

Sociodemographic variables of the sample are summarized in Table 1. There were no 
differences between the 22q11DS and the HC group in age (table 1) and gender 
distribution (22q11DS M/F ratio 4/8; HC M/F ratio 4/12; X2=.23, p=.63). As expected, IQ-
scores were significantly lower in the non-psychotic 22q11DS group compared to HCs 
(table 1), given that low cognitive functioning is a core characteristic of the 
syndrome4,57,58.  

With respect to RL-task performance, the 22q11DS group earned significantly less 
money, and their overall accuracy was worse during the RL-task than HC (table 1, figure 
2), which seemed specifically related to poor performance in the 80:20 condition and 
90:10 condition (table 1, supplementary figure 2). There was no group difference in the 
70:30 condition (table 1, supplementary figure 2). There was a significant main effect of 
time on performance (accuracy) on the RL-task (F=41.185 p<.001) and a significant group 
by time interaction in the model of task performance (F=4.352 p=.018); the former 
indicating that subjects performed better over time and the latter indicating faster 
performance improvements in HC than in 22q11DS subjects (figure 2). Performance 
increased significantly more from block 1 to block 2 in HC than in 22q11DS (F=7.139 
p=.013; figure 2), and there was no difference between the groups from block 2 
onwards, indicating that HC learned faster in the beginning of the task (block 1).  
 

 
Figure 2 Performance on the RL-task over time from block 1 to block 4. 

*Significant difference p<.05. Error bars represent 95% Confidence Intervals. RL = reinforcement learning, HC 
= healthy control.  
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Table 1: Demographics, performance on the RL-task, binding potential (BPND) and task-induced DA release1 

per ROI (IQ included as covariate) 

 Mean SD Mean SD Test-stat. P-value 
A) Between groups 22q11DS (n=12) HC (n=16) 

  

Demographics       

Age  33.08 9.46 38.06 15.11 .98b .338 
IQ 76.75 11.51 103.75 8.14 7.28b .000** 
PANSS total score 33.08 3.29     
PANSS positive symptoms 7.17 .58 

    

PANSS negative symptoms 8.08 1.68 
    

PANSS general psychopathology 17.08 1.94     
Performance on RL-task       
Total money earned (in euro) 9.80 3.50 12.46 2.89 2.20b .037* 
Accuracy (% correct choices)  76.91 8.24 83.14 6.23 2.28b .031* 

90:10 condition  82.97 11.60 89.79 9.02 1.75b .092a 
80:20 condition  77.10 11.45 86.29 7.86 2.53b .018* 
70:30 condition  70.69 10.62 73.37 8.36 .72b .461 

BPND [18F]fallypride       

VST (mean) 16.801 4.301 15.815 3.115 .265 .769 
Putamen (mean) 20.797 3.336 20.876 4.159 .050 .952 
CNC (mean) 15.726 2.627 16.122 4.151 .275 .762 
Task-induced DA release1        
VST (mean) .00013 .00262 .00080 .00216 .347 .710 
Putamen (mean) .00132 .00164 .00055 .00226 .619 .546 
CNC (mean) .00140 .00229 .00137 .00259 .336 .718 
B) Within 22q11DS group 22q11DS COMT Met 

Genotype (n=5) 
22q11DS COMT Val  
Genotype (n=5) 

  

Demographics       
Age  31.80 9.88 30.20 8.16 .28b .679 
IQ 73.60 8.56 72.60 7.64 .20b .930 

Task-induced DA release1        
VST (mean) .00121 .00257 -.00016 .00293 .407 .670 
Putamen (mean) .00234 .00135 .00044 .00179 1.701 .203 
CNC (mean) .00340 .00061 -.00045 .00215 3.847 .035* 

**p<.01 *p<.05 a=trend for significance b=t-test c=F-test HC= Healthy Controls VST= Ventral Striatum 
CNC=Caudate Nucleus IQ: intelligence quotient PANSS= positive and negative symptom scale: total score rage 
min 30- max 210, positive&negative symptom score range min 7- max 49, general psychopathology score 
range min 16 - max 112 (Leucht et al. 2005) RL= reinforcement learning ROI = Region of Interest 1gamma 
(γ)=amplitude of task-induced [18F]fallypride displacement. Increased γ = greater displacement reflecting 
greater DA release. 
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Striatal D2/3R BPND and task-induced [18F]fallypride displacement in 22q11DS vs. HC 

There was no group difference in total [18F]fallypride BPND values for any of the striatal 
ROIs (p>.05; table 1). Task-induced DA release was significantly greater than zero in both 
groups in all striatal ROIs (table 1, figure 3). In addition, there was no significant difference 
between 22q11DS and HC in task-induced DA release in any of the striatal ROIs (all p>.05) 
(table 1). Results of separate right and left ROIs can be found in supplementary table 1. 
Including IQ as a covariate did not significantly change the results.  

Table 2: Associations between task-induced DA release1 and RL-task performance per ROI (total winnings and 
accuracy) (age, gender, smoking status and IQ included as covariate) 

  22q11DS (n=12)   Healthy Controls (n=16) 
Task-induced DA release1 B-coef T-stat P-value   B-coef T-stat P-value 
Total winnings (in Euros)               

VST (mean) -335.249 -.811 .444  873.025 2.460 .034* 
Putamen (mean) -234.694 -.322 .757  654.756 1.912 .085a 
CNC (mean) -568.727 -1.202 .268  196.273 .618 .550 

Accuracy (% correct choices)         
VST (mean) -5.683 -.554 .597  16.912 2.090 .063a 
Putamen (mean) -2.908 -.164 .874  12.150 1.571 .147 
CNC (mean) -14.665 -1.298 .236  5.429 .803 .441 

*p<.05 atrend for significance VST= Ventral Striatum CNC= Caudate Nucleus mean= (left ROI+right ROI)/2 IQ: 
intelligence quotient RL= reinforcement learning ROI = Region of Interest 1gamma (γ)=amplitude of task-
induced [18F]fallypride displacement. Increased γ = greater displacement reflecting greater DA release. 

Association between striatal task-induced [18F]fallypride displacement and RL-task 
performance in 22q11DS and HC 

The group by task-induced DA release interaction in the model of total winnings and 
accuracy were not statistically significant in any of the ROIs (all p>0.05). However, there 
was a trend in the ventral striatum in the model of total winnings (p=0.062).  

Within the HC group, there was a significant positive association between ventral 
striatal task-induced DA release and total winnings (p=0.034) and a trend with accuracy 
(p=0.063) (table 2, figure 3). Within the 22q11DS group, there was no significant 
association between ventral striatal task-induced DA release and total winnings and 
accuracy in any of the striatal ROIs (p>0.05) (table 2, figure 3), although the direction of 
the association was opposite from that of HC. Results of separate right and left ventral 
striatum ROIs can be found in supplementary table 2. 
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Figure. 3 Task-induced DA release1 [1] and the associations [2] with RL-task performance (total winnings [A] 
and accuracy [B]) in VST (Table 2 shows corresponding statistics). ([1] Average statistical parametric t map of 
task-induced DA release1 overlaid on a grey matter MNI template, showing similar dopamine release in 
response to RL-task in the striatum of 22q11DS subjects (left) and healthy controls (right). 1gamma 
(γ)=amplitude of task-induced [18F]fallypride displacement. Increased γ = greater displacement reflecting 
greater DA release HC = healthy controls RL = reinforcement learning VST = ventral striatum). 
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Striatal task-induced [18F]fallypride displacement in 22q11DS Val hemizygotes vs. Met 
hemizygotes 

Within the 22q11DS group, task-induced DA release was significantly greater in COMT 
Met hemizygotes (n=5) compared to COMT Val hemizygotes (n=5) in the caudate 
nucleus (table 1, supplementary figure 3). No significant difference was found between 
COMT Met and COMT Val carriers in task-induced DA release in the putamen and ventral 
striatum (table 1). Similarly, no significant difference was found between COMT Val 
hemizygotes and COMT Met hemizygotes in [18F]fallypride BPND values in all ROIs 
(p>0.05) within the 22q11DS group. There were no differences between the COMT Met 
(n=5) and the COMT Val (n=5) group in age (table 1), IQ (table 1) and gender distribution 
(COMT Met M/F ratio 1/4; COMT Val M/F ratio 1/4; X2=0.56, p=0.76). Results of separate 
right and left ROIs can be found in suppl. table 1. 

Discussion 

Here we report, for the first time, on striatal DA release during a RL paradigm in 
22q11DS, a population at genetic high risk for developing a psychotic disorder. Our main 
results suggest that adults with 22q11DS demonstrate impaired RL performance. At the 
neurochemical level, impaired task performance may be associated with an abnormal 
association with ventral striatal DA release. Finally, exploratory analyses revealed an 
effect of COMT Val/Met genotype on striatal task-induced DA release within the 
22q11DS group.  

Our novel finding of impaired RL in 22q11DS add to the growing evidence of 
dysfunctional reward processing in 22q11DS, showing aberrant neural correlates35 and 
impaired anticipatory pleasure in adults with 22q11DS59. Especially in the more 
deterministic conditions (80:20 and a trend in 90:10) and the early stage of learning 
(block 1), 22q11DS patients were outperformed by HC. This could be due to the cognitive 
impairments often seen in 22q11DS3,58, as cognitive impairments in learning and 
working memory have been suggested to affect the ability to generate mental 
representations of reward value60. Moreover, impaired RL in 22q11DS is in keeping with 
findings in the psychosis spectrum 16,19,22 and could therefore possibly be related to their 
increased risk to develop psychosis4.  

No group difference in striatal D2/3R BPND was observed, i.e. no differences in post-
synaptic DA D2/3R availability. This conclusion is not entirely unexpected, given that 
COMT does not play a major role in the breakdown of DA in the striatum61. Our finding 
is in line with a previous single photon emission computed tomography (SPECT) study in 
22q11DS 62 and findings in drug-naïve patients with schizophrenia9, indicating no 
difference in post-synaptic D2/3R availability. A recent PET study63 found higher striatal 
pre-synaptic DA vesicle monoamine transporter binding in 22q11DS compared to HC. 
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Pre-synaptic striatal DA synthesis capacity differences have also consistently been found 
in individuals with schizophrenia9,13,14, whereas findings of post-synaptic DA 
abnormalities in individuals with schizophrenia remain inconclusive9. Taken together, 
pre-synaptic, rather than post-synaptic, DA abnormalities may be a key abnormality in 
the psychosis spectrum and might therefore be expected in 22q11DS.  

Task-induced DA release was observed in both HC and adults with 22q11DS in the 
putamen, caudate nucleus and ventral striatum, all regions that have previously been 
implicated in RL23,26,32. No group difference in striatal task-induced DA release was 
observed. However, we did observe a trend for a significant group by ventral striatal 
task-induced DA release interaction in the model of task performance. These results 
should be interpreted with caution, however they could be suggestive of a group 
difference in the relation between ventral striatal DA release and RL-performance. 

As expected, in HCs our findings were consistent with research implicating that 
striatal DA release (signaling positive PE) is essential for RL and associated with improved 
performance26,28,29,31,64,65. This association was absent in 22q11DS, possibly suggesting 
an altered relation between striatal task-induced DA release and RL. We should however 
interpret these results with caution, since there was only a trend significant interaction 
between group, performance and ventral striatal task-induced DA release and future 
research should confirm our suggestions. It could indicate alterations in brain networks 
underlying reward processing in 22q11DS, strengthened by our behavioural results 
showing worse RL-performance and our recent fMRI findings in 22q11DS showing 
aberrant neuronal reward functioning35. This work shows similarities to (fMRI) findings 
in unmedicated schizophrenia patients, showing a “blunted” response to cues that 
predict rewards19,25,29, impaired RL, and PE signaling18. Further investigation into the link 
between striatal task-induced DA release and psychosis severity in 22q11DS is 
necessary, ideally in samples with greater symptom severity.  

Speculating on the possible neurochemical mechanisms at play, 22q11DS may show 
decreased phasic DA release related to PE signaling, hampering the formation of stimulus-
response associations25. A hyperdopaminergic state could “drown out” phasic DA 
release25,66 or cause chaotic firing of DA neurons leading to increased “noise”25,29. Reduced 
phasic DA responses to rewarding stimuli and aberrant PE signaling are thought to underlie 
(especially negative) symptoms of schizophrenia31, also often reported in 22q11DS4,67,68.  

Finally, consistent with studies in HCs69,70, we observed a significant effect of COMT 
Val/Met genotype on task-induced DA release in our exploratory analysis within the 
22q11DS group. Higher task-induced DA release was found in Met hemizygotes 
compared to Val hemizygotes in the caudate nucleus. This is in agreement with our 
expectations, given that COMT Met genotype leads to reduced DA breakdown8,71,72 
which could consequently result in higher striatal DA levels73 compared to Val 
hemizygotes. This is consistent with previous findings in 22q11DS, showing lower striatal 
D2/3R BPND in the Met hemizygotes5.  
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In light of the small size of the 22q11DS group and because COMT genotype status 
for the HC group was not available, especially these COMT follow-up analyses should be 
considered as exploratory. Given the rarity of the disorder, recruitment of (medication-
free) 22q11DS patients is challenging and previous imaging studies have reported on 
similar sample sizes5,62,74, therefore the sample size is considered acceptable.  

It should additionally be noted that baseline striatal D2/3R BPND assessed with PET is 
determined by several factors; receptor density, tracer affinity, and endogenous DA 
concentration in the synaptic cleft75,76. Different scenarios may therefore explain the 
absence of group differences in D2/3R BPND and task-induced DA release, including 
abnormal tonic and phasic DA release63,71,77,78, and downregulation of post-synaptic 
D2/3R12,63,71. It is also possible that the RL-task we used was not rewarding enough for 
the 22q11DS population to detect differences in (phasic) DA release. Other imaging 
methods (using alternative protocols, other radiotracers or a DA depletion paradigm)79 
may be more suitable to investigate possible abnormalities in DA release. It may 
additionally be the case that the COMT genotype could have affected endogenous DA5,8 
levels, hereby possibly concealing group differences. Finally, task-induced DA release 
does not necessarily have to correspond with a sharp DA peak and can spatially be more 
broadly distributed. Therefore it could be interesting for future research, in line with 
previous work27,28,36,39,74, to additionally investigate the spatial extent of task-induced 
DA release80. 

To summarize, this study is the first to show striatal task-induced DA release and 
impairments in RL in adults with 22q11DS. Our results add to the growing evidence that 
abnormal RL, potentially associated with motivational deficits specifically and psychotic 
symptoms in general, are not only present in the psychosis spectrum, but also in a group 
at high genetic risk for developing psychosis. This study sheds light and provides 
preliminary evidence that some of these mechanisms may be underlain by abnormal 
reward-related striatal DA function, potentially linked to COMT haplo-insufficiency. 
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Supplementary Material 

Reinforcement Learning Task 

We employed a probabilistic reinforcement learning paradigm, based on the Probabilistic 
Stimulus Selection Task (PSST)1, that was modified to include social feedback (see figure 1 
and Supplementary figure 1 for a detailed overview). The task was self-paced and consisted 
of a learning phase of 6 thematic blocks of 3*40 trials (total of 120 trials per block, lasting 
approximately 9 minutes), during which feedback was provided, and a test phase of one 
block of 60 trials (lasting approximately 5 minutes). In the learning phase, the participant 
was instructed to learn something about three actors in 6 different categories (i.e. pastimes, 
profession, musical instruments, pets, movies and holiday destination). Participants saw an 
actor presented with a neutral face in the centre of the screen and a unique pair of items 
displayed below the actor. Participants were asked to learn which one of the two items 
belonged to the actor by choosing one of the items. Responses were evaluated: participants 
were either presented with a picture of the actor smiling, and earned €0.05 following a 
correct choice, or were presented with a picture of the actor frowning and lost €0.05 
following an incorrect choice. Each stimulus was associated with a pair of items with 
different reinforcement probabilities: the 90%-10%, 80%-20% and 70%-30% condition. Per 
block, all three actors plus corresponding pair of items were presented 40 times in a random 
order, resulting in a total of 120 trials per block. In each block a new set of actors was 
introduced with a new attribute to be learned. 

Our primary performance outcome measure was defined as the total amount of 
money in euro participants earned during the learning phase. Accuracy (the proportion 
of correct choices) was the secondary performance outcome, defined as choices of the 
more frequently rewarded stimulus across all blocks. 

Sensori-motor control condition 

Participants conducted a sensori-motor control condition prior to the baseline and 
experimental condition. This condition was designed to contain all features of the PSST 
without the main manipulation of the experimental condition; outcome-based 
associative learning. Similar to the experimental condition, images of a stimulus 
(photographs of actors) appeared on the screen and participants had to choose between 
one of two items depicted under the stimulus, for instance, indicate whether the actor 
was male or female, had short or long hair. The participant was instructed before the 
task that there was no right or wrong answer. No feedback was provided during the task.  

The control condition consisted of six blocks of 120 trials, in which 18 actors were 
presented 40 times, lasting approximately 10 minutes per block with intertrial intervals 
where the previous stimulus and items were still visible on the screen for 4 seconds. 
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Structural MRI data acquisition 

For 13 participants, an MRI scan obtained for research purposes was available. Whole 
brain high-resolution T1-weighted MRIs were collected on three different machines. For 
3 participants (22q11DS n=3), acquisition was performed using a Philips 3 Tesla Intera 
MRI system equipped with a 6 channel sense head coil (scan parameters: repetition time 
(TR) = 9.8 ms, echo time (TE) = 4.6 ms; matrix size = 192×152; slice thickness = 1.2 mm; 
120 slices). For 9 participants (22q11DS n=9), a high-resolution T1-weighted MRIs scans 
were acquired on a Siemens 7 Tesla Magnetom whole body MR system equipped with 
a 32-channel head coil. T1-weighted images were acquired using a MP2RAGE sequence 
(TR = 4500 ms; TE = 2.39 ms; matrix size = 256x256; slice thickness = 0.9 mm; 192 slices; 
generalized autocalibrating partially parallel acquisitions (GRAPPA) = 3). For 17 
participants (controls (n=16) and 22q11DS (n=1)) a Siemens 3T scanner (Siemens 
Healthcare, Munich, Germany) was used, using the Magnetization Prepared Rapid 
Acquisition Gradient-Echo (MP-RAGE) sequence (TR = 1900ms; TE = 2.52ms; matrix 
dimensions = 256x256; slice thickness = 1 mm; 176 slices. 

PET data acquisition and analyses 

PET data acquisition  

Participants were asked to refrain from any alcohol and caffeine-containing products on 
the day of the scan. A single bolus infusion [18F]fallypride PET paradigm was utilized 
which has previously been used in comparable paradigms to detect task-related 
dopamine release 2,3. [18F]fallypride is a high affinity and selective dopamine D2/3R 
radiotracer. Radiosynthesis of [18F]fallypride was a high-yield modification of the 
synthesis method for [18F]desmethoxyfallypride (more details are described 
previously3). 

Participants received [18F]fallypride in a slow intravenous bolus administration using an 
intravenous cannula (mean injected dose controls = 202.3 (6.88) MBq; Specific radioactivity 
> 3,7 GBq/µmol; radiochemical purity >= 99.7%). Immediately after radiotracer 
administration, dynamic emission scans were collected in three-dimensional mode using a 
Siemens ECAT EXACT HR+ scanner (Siemens-CTY, Knoxville, TN, USA). For the first six 
minutes, dynamic frames were collected every 60 seconds, and for the remainder of the scan 
they were collected every 120 seconds with a total of 93 frames including the frames when 
the participant was outside of the scanner during the break. The first segment corresponded 
to the control condition, consisting of a total of 36 frames (6x60 seconds + 30x120 seconds). 
Segment two of the protocol included first the baseline scan, consisting of 18 120-second 
frames and finally the experimental condition consisting of 30 120-second frames, with the 
stimulus starting exactly at 120 minutes’ post [18F]fallypride injection.  

Data sets (slice thickness = 2.425 mm; pixel size = 2x2 mm) were reconstructed by 
filtered back projection (Hamm filter) after fourier rebinning into two-dimensional 
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sonograms, corrected for random coincidences, scatter radiation and attenuation using 
the 10-minute 68Ge/68Ga transmission scan. 

PET data analysis 

Break frames were removed before preprocessing. First, SPM2 (Wellcome Trust, UK) 
was used to realign and reslice all dynamic [18F]fallypride frames of each individual for 
motion correction. After realignment, an automatic protocol using the PMOD software 
(v. 3.6, PMOD Technologies Ltd., Zurich, Switzerland) was used to perform the remaining 
preprocessing steps to obtain time-activity curves for striatal regions of interest (ROIs) 
and the cerebellum (reference region). The realigned dynamic emission images were 
coregistered by rigid-body transformation to each individual’s T1-weighted MR-images 
and then coregistered to the standard MNI (Montreal Neurological Institute) template 
of PMOD. Subsequently, MR images were segmented into white matter, grey matter 
and cerebrospinal fluid for each participant within native MRI space using the PNEURO 
MPA (Maximum Probability Atlas) module. In addition, the MRI Parcellation toolbox was 
used to automatically delineate the different ROIs (caudate nucleus (CNC), putamen and 
ventral striatum (VST)) per hemisphere (left and right separate and averaged to calculate 
the mean) and the cerebellum (reference region)4 . The fit of the masks of the parcelated 
regions to the coregistered dynamic PET images were individually checked for coverage, 
and if necessary, manually adjusted. For the striatal ROIs, some slices belonging to the 
CNC were manually adjusted based on the definition of Mawlawi et al (2001) (coronal 
slice: head of caudate -15mm to anterior commissure 0 mm). Binary ROI masks were 
generated using PMODs VIEW toolbox.  

For each participant, ROI analyses of the PET data was performed conform previous 
work2,3,5–7 using the linear extension of the SRTM (LSRRM)8 to estimate kinetic 
parameters and the PET time-activity curves (TACs) for all ROIs8. An overview of the 
kinetic parameters (BP, Ri, K2, K2q, y) can be found in detail elsewhere5.  

Using an in-house script running in MATLAB (version 6.5) binding potential (BPND) 
and the amplitude of task-induced [18F]fallypride displacement (gamma [y]), reflecting 
task-induced DA release, was calculated with LSRRM for each ROI, and served as 
outcome variables (supplementary formulas 1 and 2).  

𝛾𝛾 𝛾 𝛾𝛾𝛾𝛾𝛾 𝛾 𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾 𝛾 𝛾𝛾𝛾𝛾𝛾 
Supplementary Formula 1: y is calculated over this exponential decay function. t = measurement time, T = 
time of experimental condition initiation (120 min in the current activation paradigm) and τ controls the rate 
at which activation effects die away (dissipation rate set to τ = 0.03 min−1). 

↑ 𝛾∆𝑘𝑘2a𝛾𝛾 ↑ 𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾 ↓ 𝛾𝐵𝐵𝐵𝐵𝛾𝐵𝐵𝐵𝐵𝛾𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝛾𝛾𝛾𝛾𝛾 ↑ 𝛾𝐵𝐵𝐵𝐵𝛾𝛾𝐵𝐵𝑑𝑑𝐵𝐵𝐵𝐵𝛾𝛾𝛾𝐵𝐵𝛾𝛾𝐵𝐵𝛾𝛾𝐵𝐵𝑑𝑑𝛾𝛾 

Supplementary Formula 2: Increased change in the dissociation rate (delta k2a) due to dopamine-radioligand 
competition at the dopamine D2/3R results () in increased amplitude of this change (y) which results in 
decreased binding potential (BP) of the radioligand reflecting increased dopamine release5,8.  
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Supplementary figure 1. Probabilistic stimulus task shown (A.) over time and (B.) one example set of pairs (in 
this case hobbies) shown during the Experimental Condition - the Learning phase of the Probabilistic stimulus 
task ((RL)-Task).  *in random order. 
 
A) Time line shows practice of the task (grey) outside the scanner (-01:00:00) and inside the scanner the 
Control condition (green) (00:00:00) and Experimental condition (02:00:00) consisting of the Learning phase 
of six sets (purple) and the Test phase (red) of one set. The control condition contained the same amount of 
stimuli and involved the same amount of button presses as the PSST. The Control condition consists of five 
sets with a stimulus and two options. No feedback was provided and no explicit learning took place. 
Experimental condition: In the Learning phase participants have to learn which of two pictures belongs to the 
actor (through initial guess) then indicate their choice by pressing the corresponding button (pressing either 
the L or R key on the response box), which is followed by positive feedback if correct (a smile and +€0.05) or 
negative feedback (a frown and -€0.05). The images of actors and items were selected randomly from a large 
pool and were fully counterbalanced across participants. The Test phase consists of one set of 60 trials without 
feedback that contains the same stimuli as the preceding block in the Learning phase (Holiday Destinations)., 
to test the degree of learning in set 6 of the Learning phase. In between repetitions of the task in the 
experimental condition, the experimenter came into the room three times to provide scripted verbal 
reinforcement (“I see you’re performing very well! Great job!”) and announced that participants would receive 
the actual money they earned during the task. Additionally, 5 brief questionnaires were completed between 
each repetition of the task in order to provide additional breaks and to ascertain participants’ comfort, affect 
and motivation level.  
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B) In a set of trials in the Learning phase each stimulus (actor) is associated with a pair of items with different 
reinforcement probabilities: 90%-10%. 80%-20% and 70%-30%. For 90%-10% correct responses are reinforced 
in 90% of the trials (blue) and incorrect responses are reinforced in 10% of the trials (orange) and so on for the 
other reinforcement probabilities. Each pair of items is presented 40 times in a random order. The first 10 
trials of each stimulus make up block 1. The second 10 trials of each stimulus make up block 2. etc. with a total 
of 4 blocks per stimulus. The total trials in each set is 120 trials (3 x 40 trials). 

 

 
Supplementary figure 2. Performance on the RL-task divided by 90:10 / 80:20 / 70:30 probability condition. 

*significant difference p<.05 atrend for significant difference. Error bars represent 95% confidence intervals. 
RL = reinforcement learning, HC = healthy control 
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Supplementary figure 3: Association between task-induced DA release1 and COMT genotype within 22q11DS 
in (mean) caudate nucleus.  

*p<.05. Error bars represent 95% confidence intervals. 1gamma (y)=standardized amplitude of task-induced 
[18F]fallypride displacement in the region of interest. Increased y = greater displacement reflecting greater DA 
release. Supplementary Table 1 shows corresponding statistics.   
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Supplementary Table 1: Binding potential (BPND) and task-induced DA release1 per (left, right, mean) ROI (IQ 
included as covariate) 

 Mean SD Mean SD Test-statb P-value 
A) Between groups 22q11DS (n=12) HC (n=16) 

  

BPND [18F]fallypride       
VST (mean) 16.801 4.301 15.815 3.115 .265 .769 
VST R 17.220 4.614 15.841 3.255 .442 .648 
VST L 16.381 4.371 15.790 3.348 .100 .905 
Putamen (mean) 20.797 3.336 20.876 4.159 .050 .952 
Putamen R 20.391 2.834 21.225 4.172 .268 .767 
Putamen L 21.203 3.959 20.526 4.476 .100 .905 
CNC (mean) 15.726 2.627 16.122 4.151 .275 .762 
CNC R 15.380 2.472 16.281 4.732 .301 .743 
CNC L 16.073 3.075 15.963 3.790 .331 .721 

       
Task-induced DA release1        

VST (mean) .00013 .00262 .00080 .00216 .347 .710 
VST R .00058 .00271 .00099 .00240 .126 .882 
VST L -.00031 .00271 .00061 .00247 .537 .591 
Putamen (mean) .00132 .00164 .00055 .00226 .619 .546 
Putamen R .00085 .00173 .00063 .00245 .039 .961 
Putamen L .00179 .00192 .00046 .00237 1.592 .224 
CNC (mean) .00140 .00229 .00137 .00259 .336 .718 
CNC R .00188 .00224 .00165 .00264 .035 .965 
CNC L .00092 .00269 .00109 .00314 .865 .433 

B) Within 22q11DS group 22q11DS COMT 
Met Genotype (n=5) 

22q11DS COMT 
Val Genotype (n=5) 

  

Task-induced DA release1        
VST (mean) .00121 .00257 -.00016 .00293 .407 .670 
VST R .00151 .00291  .00052 .00270 .234 .793 
VST L .00090 .00229 -.00084 .00334 .597 .558 
Putamen (mean) .00234 .00135  .00044 .00179 1.701 .203 
Putamen R .00180 .00134 -.00010 .00204 1.022 .375 
Putamen L .00289 .00203  .00097 .00185 2.357 .115 
CNC (mean) .00340 .00061 -.00045 .00215 3.847 .035* 
CNC R .00374 .00182  .00020 .00157 3.145 .060a 

CNC L .00306 .00109 -.00111 .00277 2.947 .071a 

*p<.05 atrend for significance btest=F-Test ROI = region of interest VST= Ventral Striatum CNC= Caudate 
Nucleus L=left R=right mean=(L+R)/2 IQ: intelligence quotient ROI: Region of Interest 1gamma (y)=amplitude 
of task-induced [18F]fallypride displacement. Increased y = greater displacement reflecting greater DA release. 
  



Chapter 2 

82 

Supplementary Table 2: Associations between task-induced DA release1 and RL-task performance (total 
winnings and accuracy) per (left, right, mean) ROI (age, gender, smoking status and IQ included as covariate) 

*p<.05 atrend for significance btest=F-Test ROI = region of interest VST= Ventral Striatum CNC= Caudate 
Nucleus L=left R=right mean=(L+R)/2 IQ: intelligence quotient RL= reinforcement learning 1gamma 
(y)=amplitude of task-induced [18F]fallypride displacement. Increased y = greater displacement reflecting 
greater DA release. Group by task-induced DA release interaction in the model of total winnings and accuracy 
were not statistically significant in any of the ROIs (all p>.05). There was a trend in the (mean) ventral striatum 
in the model of total winnings (p=.062) and the right ventral striatum (p=.064), not in the left ventral striatum 
(p>.05).  
  

  22q11DS (n=12)   Healthy Controls (n=16) 
Task-induced DA release1 B-coef T-statb P-value   B-coef T-statb P-value 
Total winnings (in Euros)               

VST (mean) -335.249 -.811 .444  873.025 2.460 .034* 
VST R -217.267 -.514 .623  828.741 2.597 .027* 
VST L -421.451 -1.091 .312  493.245 1.513 .161 
Putamen (mean) -234.694 -.322 .757  654.756 1.912 .085a 

Putamen R -370.854 -.487 .641  621.402 1.898 .087a 

Putamen L -107.022 -.165 .874  579.671 1.712 .118 

CNC (mean) -568.727 -1.202 .268  196.273 .618 .550 
CNC R -494.600 -.997 .352  330.824 1.068 .310 
CNC L -495.247 -1.213 .265  57.460 .194 .850 

Accuracy (% correct choices)         
VST (mean) -5.683 -.554 .597  16.912 2.090 .063a 

VST R -2.210 -.213 .838  16.878 2.366 .040* 
VST L -8.533 -.889 .404  8.924 1.228 .248 
Putamen (mean) -2.908 -.164 .874  12.150 1.571 .147 
Putamen R -8.964 -.486 .642  11.514 1.559 .150 

Putamen L 1.748 .111 .915  10.775 1.423 .185 
CNC (mean) -14.665 -1.298 .236  5.429 .803 .441 
CNC R -10.019 -.816 .441  9.099 1.413 .188 
CNC L -14.732 -1.576 .159  1.633 .256 .803 
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Abstract 

Background 
The 22q11.2 deletion syndrome (22q11DS) is caused by a deletion on chromosome 22 
locus q11.2. This copy number variant results in haplo-insufficiency of the catechol-O-
methyltransferase (COMT) gene, and is associated with a significant increase in the risk 
for developing cognitive impairments and psychosis. The COMT gene encodes an 
enzyme that primarily modulates clearance of dopamine (DA) from the synaptic cleft, 
especially in the prefrontal cortical areas. Consequently, extracellular DA levels may be 
increased in prefrontal brain areas in 22q11DS, which may underlie the well-
documented susceptibility for cognitive impairments and psychosis in affected 
individuals. This study aims to examine DA D2/3 receptor binding in frontal brain regions 
in adults with 22q11DS, as a proxy of frontal DA levels. 

Methods 
The study was performed in 14 non-psychotic, relatively high functioning adults with 
22q11DS and 16 age- and gender-matched healthy controls, who underwent DA D2/3 
receptor [18F]fallypride PET imaging. Frontal binding potential (BPND) was used as the 
main outcome measure.   

Results 
BPND was significantly lower in adults with 22q11DS compared to healthy controls in the 
prefrontal cortex and the anterior cingulate gyrus, but not in the orbitofrontal cortex 
and anterior cingulate cortex.  

Conclusions 
This study is the first to demonstrate lower frontal D2/3 receptor binding in adults with 
22q11DS. It suggests that a 22q11.2 deletion affects frontal dopaminergic 
neurotransmission. 

Keywords: 
22q11DS, dopamine, prefrontal cortex, PET 
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Introduction 

The 22q11.2 deletion syndrome (22q11DS) is a relatively common genetic disorder, with 
an estimated prevalence of one in 2000-4000 births1. It is characterized by a deletion on 
locus 22q11.2, a copy number variant that contributes significantly to the risk for 
psychotic disorders2,3. 22q11DS has a heterogeneous phenotype including cardiac 
anomalies4 and several psychiatric problems2. Cognitive impairments5–7 are part of the 
core symptoms of the syndrome. Additionally, approximately 1 in 4 individuals with 
22q11DS develop a psychotic disorder, making 22q11DS one of the greatest known risk 
factors for developing psychosis8.Therefore it is suggested that 22q11DS represents a 
valuable model for the study of neurobiological factors underlying both cognitive 
impairments1,5–7 and psychotic disorders9. Although the biological factors underlying 
psychotic disorders and (their) cognitive symptoms are still poorly understood, there is 
evidence suggesting for aberrant dopamine (DA) levels in several brain 
regions10,11,including the prefrontal cortex (PFC)12.  

Alterations in DA neurotransmission are also suggested to underlie some of the 
psychiatric problems typically seen in 22q11DS13–16. These alterations are possibly due 
to haplo-insufficiency (reduced dosage of the gene due to hemizygosity) of the catechol-
O-methyltransferase (COMT) gene, located on the deleted region and coding for the 
enzyme that catabolizes extracellular DA17. Especially frontal DA is thought to be 
affected by COMT haploinsufficiency18 in 22q11DS. This could be explained by the 
relatively low density of the DA transporter (DAT) in the PFC19, resulting in a DA 
dependency of COMT enzyme activity for clearance20. It has been indicated that 50% of 
the prefrontal DA clearance results from COMT activity18. Since patients with 22q11DS 
have only one copy of the COMT gene, which is associated with reduced COMT gene 
expression21 and enzyme concentrations22, they may consequently be chronically 
exposed to abnormally high DA levels13, particularly in the PFC. We previously showed23 
that the COMT functional polymorphism Val158Met indeed affects DA function in 
22q11DS. 22q11DS Val-hemizygotes have higher post-synaptic striatal DA D2/3 
nondisplaceable receptor binding potential (D2/3R BPND) compared to carriers with the 
relatively unstable and less active COMT Met-allele23, further implicating altered DA 
neurotransmission.  

The COMT Val/Met genotype has also been related to (dys)function of frontal brain 
regions in the psychosis continuum24,25. Abnormalities in frontal brain DA have been 
hypothesized to especially underlie cognitive and negative symptoms of psychotic 
disorders11,26, which may also be true for 22q11DS2,27,28. Frontal DA neurotransmission 
has also been related to (impairments in) different neuropsychological functional 
domains, including memory, motivation, attention and concentration12,26,29. In addition, 
the COMT genotype is found to modulate cognitive functioning, relying on frontal DA 
neurotransmission, in psychotic disorder12,29 and in 22q11DS30–32. Moreover, the COMT 
genotype has been implicated in dopaminergic drug effects on cognitive functioning33.  
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In summary, there is evidence for abnormal frontal DA functioning in cognitive 
impairments, psychotic disorders and implications for altered DA function in 22q11DS. 
More insight into the neurobiological factors associated with both psychotic disorder 
and cognitive deficits in 22q11DS can be gained, by investigating frontal DA function in 
22q11DS using in vivo molecular imaging methods. 

Neuroimaging techniques consistently showed both aberrant frontal brain anatomy 
and function as well as an effect of COMT Val/Met genotype on brain functioning in 
22q11DS11,21,29,31,34–38.  

In addition, molecular imaging techniques, including [11C]DTBZ- and [18F]fallypride) 
positron emission tomography (PET) and [123I]IBZM single photon emission computed 
tomography (SPECT), have been used successfully in 22q11DS to investigate abnormalities 
in the striatal DA system39–41. However, no studies to date have investigated frontal DA 
signaling in patients with 22q11DS. This can be measured in vivo with PET, using high-
affinity radioligands such as the highly selective DA D2/3 receptor (D2/3R) radioligand 
[18F]fallypride, successfully used to probe frontal DA functioning25,42–44.  

This study aimed to investigate, for the first time, frontal D2/3R BPND in 22q11DS using 
[18F]fallypride PET. Because of COMT haploinsufficiency in 22q11DS and previously 
described findings of SPECT and PET studies23,39–41, we expected reduced D2/3R BPND in 
frontal brain regions compared to healthy controls, as a proxy marker of chronically 
increased extracellular DA levels.  

Materials and Methods  

Participants 

Fourteen non-psychotic adult individuals (8 females and 6 males, mean age=34.6 years, 
SD=9.7 years) with 22q11DS and no family history of psychotic disorder were included. 
They were compared to a previously published45,46 sample of 18 healthy controls (HCs), 
12 females and 6 males, mean age=38.1 years, SD=15.6 years). Recruitment and 
exclusion criteria of HC has been described previously45,46. 

All participants were capable of giving written informed consent and did so after 
receiving full information on the study. Participants were treated in accordance with the 
Declaration of Helsinki (World Medical Association, 2013). The study was approved by 
the Medical Ethical Committee of Maastricht University (The Netherlands) and the 
RWTH Aachen University ethics committee of Universitäts Klinikum (Germany). The PET 
protocol was additionally approved by the national authority for radiation protection in 
humans in Germany (Bundesamt für Strahlenschutz, BfS). Participants received coupons 
with a total value of €100 for participating in the PET study.  

Exclusion criteria for 22q11DS participants were: 1) lifetime history of psychosis as 
determined by the Mini-International Neuropsychiatric Interview (M.I.N.I.)47 and/or 
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current or previous use of antipsychotic or stimulant medication; 2) contraindications for 
MRI and/or PET imaging; 3) pregnancy (verified on the day of the scan using a pregnancy 
test); 4) current drug use (verified on the day of the scan using a urine drug test). 

Two HC participants were cigarette smokers. Given the well-known association 
between smoking (status) and DA function48, they were asked to refrain from nicotine 
use on the day of the imaging session. One HC was excluded due to positioning 
difficulties during scanning. Another HC participant was excluded based on non-
compliance with the study procedures. Two 22q11DS participants used the selective 
serotonin reuptake inhibitors (SSRIs) escitalopram (10 mg) or paroxetine (20 mg). Since 
this may influence DA functioning49,50 they were asked to refrain from taking their 
medication on the day of the imaging session. Other participants did not take any 
psychotropic medication. The final sample consisted of 16 HC and 14 22q11DS 
participants (Table 1). 

Behavioral and physiological assessments 

Full scale intelligence quotient (IQ) of the 22q11DS participants was determined using a 
shortened Dutch version of the Wechsler Adult Intelligence Scale – III (WAIS-III)51 and 
was assessed on the day of scanning or in a separate session before or after the PET 
session (mean=52.8 days, SD=49.8 days). The shortened WAIS-III consists of 4 subtests: 
arithmetic and information (verbal IQ) digit-symbol-coding and block patterns 
(performance IQ)51,52. In the HC group, total IQ was estimated using the Dutch Adult 
Reading Test (DART)53. Other assessments of the HC group were described 
previously45,46. 

To assess the presence and severity of psychotic symptoms, the Positive and 
Negative Syndrome Scale (PANSS)54 for psychotic disorders was used.  

Image data collection  

The [18F]-fallypride PET data collection acquired for this research, was part of a 
comprehensive PET acquisition protocol, previously carried out to investigate 
reinforcement learning task-induced striatal DA release41,45,46. For the current PET 
analyses, only the [18F]-fallypride sensorimotor control and baseline conditions were 
considered, including the first 120 minutes of the scan protocol (Figure 1). All details of 
the whole PET procedure and the structural MRI and PET data acquisition have been 
described previously41,45. Additional analysis including only the control condition 
(excluding the 25 minute baseline scan) to confirm reliability of the used method can be 
found in the Supplementary Materials. 
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Figure 1: PET acquisition protocol. The original PET acquisition protocol. In grey, the part of the PET acquisition 
protocol used for analyses in this study is highlighted. 

*TS = 68Ge/68Ga-transmission scan, timeline in minutes 

PET control: Sensori-motor control condition 

Participants conducted a sensori-motor control condition prior to the baseline and 
experimental condition (previously described in Kasanova et al., 2017). This condition 
was designed to contain all features of the task of the experimental condition, without 
the main manipulation of the experimental condition; outcome-based associative 
learning. This control condition was presented on a 30-inch screen placed in the field of 
view of the participant. Similar to the experimental condition, images of a stimulus 
(photographs of actors) appeared on the screen and participants had to choose between 
one of two items depicted under the stimulus, for instance, indicate whether the actor 
was male or female, had short or long hair. The participant was instructed before the 
task that there was no right or wrong answer. No feedback was provided during the task.  

The control condition consisted of six blocks of 120 trials, in which 18 actors were 
presented 40 times, lasting approximately 10 minutes per block with intertrial intervals 
where the previous stimulus and items were still visible on the screen for 4 seconds. The 
sensori-motor control scan lasted 80 minutes and consisted of a total of 36 frames (6 x 
60-second frames + 30 x 120-second frames). 

PET baseline condition 

During the baseline condition the participants were instructed to lay down and rest in the 
scanner. The baseline scan lasted 25 minutes and consisted of 18 (120-second) frames. 
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Figure 2: Masks for the frontal cortex. The mask is overlaid on a structural MRI scan and shown in transversal 
(A), sagittal (B), and coronal (C) views.MRI= magnetic resonance imaging; PFC= prefrontal cortex; OFC= 
orbitofrontal cortex; ACC= anterior cingulate cortex; ant cing gyr = anterior cingulate gyrus. 

Image Processing - Dopamine D2/3 Receptor Binding Potential Maps – and Analysis 

Image pre-processing procedures were performed as described previously41,45,46 using 
an automatic pipeline in the PMOD brain PNEURO tool (v. 3.8, PMOD Technologies, 
Zurich, Switzerland) (see Supplementary Materials). For each subject, individual voxel-
wise parametric maps of DA D2/3R BPND

55 were generated in patient space using the 
Ichise's Multilinear Reference Tissue Model 2 (MRTM2)56. The cerebellum including the 
cerebellar hemispheres without the vermis, was used as the reference region, because 
of its relative lack of D2/3R57. The details of MRTM2 analyses can be found in the 
Supplementary Materials. For the regional-based group comparison analysis (HC vs 
22q11DS) a predefined prefrontal mask was generated in patient space for each subject 
according to the Hammers N30R83 atlas58. This predefined mask included composite 
and bilateral region of interests (ROIs), for: 1) PFC, including orbitofrontal cortex (OFC), 
inferior, middle and superior frontal gyrus; 2) OFC only, including the anterior, medial, 
lateral and parietal orbital gyrus; 3) anterior cingulate cortex (ACC), including only the 
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subgenual and presubgenual ACC (sgACC and pgACC); and 4) anterior cingulate gyrus 
(Figure 2 and Supplementary Figure 1).  

Statistical Analyses 

Statistical analyses were conducted in SPSS (IBM SPSS Statistics version 22.0). Between-
group differences in demographic characteristics were investigated using Chi-square 
and independent sample t-tests. Average BPND values within each ROI (PFC, OFC, ACC, 
anterior cingulate gyrus) were determined and compared between the 22q11DS and HC 
group using analysis of covariance. All between-group analyses were corrected for 
smoking status, age, gender and IQ. Post-hoc analyses were conducted to investigate 
group differences between HC and 22q11DS in BPND in all sub-regions of the frontal ROIs 
performing an analysis of variance. In order to investigate the relation between frontal 
BPND, IQ and PANSS scores, in the 22q11DS group, pearson correlation coefficients were 
calculated with two-tailed tests of significance. Analyses were corrected for n=4 ROIs, 
using a Bonferroni correction (critical p value p=0.05/4=0.013). 

Results 

Demographic data  

Sociodemographic variables of the sample are summarized in Table 1. There were no 
significant differences between the 22q11DS and the HC group in age (t=0.52, p=0.48) 
and gender distribution (22q11DS M/F ratio 5/8; HC M/F ratio 4/12; X2=1.07, p=0.44). 
As expected, IQ-scores were significantly lower in the non-psychotic (PANSS59 scores 
<58) 22q11DS group compared to the HC group (t=41.96, p<0.001), given that impaired 
cognitive functioning is a core characteristic of the syndrome2,29,60.  
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Table 1: Demographics and binding potential (BPND) per region of interest (ROI)c 

Between groups 22q11DS (n=14)  HC (n=16)       
Mean SD Mean SD Test-stat. p-value 

Demographics   
     

Age  34.57 9.73 38.06 15.61 0.52a 0.48 
IQ 79.14 12.47 103.75 8.14 41.96a <0.01** 

Male | Female (n) 5|8  4|12  1.07b 0.44 
Smoking (n) 0  2    
Medication free (n) 12d  16    
PANSS total score 33.21 3.42 

    

PANSS positive symptoms 7.14 0.54 
    

PANSS negative symptoms 8.14 1.66 
    

PANSS general psychopathology 17.93 2.06 
    

BPND 18F-fallypridec  Mean  SD   Mean  SD  F-test stat. p-value 
ROIs        

PFC 0.34 0.11 0.43 0.11 4.55 <0.01** 

OFC  0.65 0.26 0.77 0.27 1.04 0.42 
ACC  1.08 0.43 1.18 0.41 0.52 0.76 
ant cingulate gyrus 0.35 0.10 0.49 0.11 4.15 <0.01** 

**p<0.01 and survived Bonferroni correction for multiple testing a=t-test b= X2 test c=IQ, smoking status, age 
and gender included as covariate d= 2 participants with 22q11DS used selective serotonin reuptake inhibitors 
(SSRIs) escitalopram (10 mg) and paroxetine (20 mg) HC= healthy controls; IQ= intelligence quotient; PANSS= 
positive and negative symptom scale: total score rage min 30 - max 210, positive&negative symptom score 
range min 7 - max 49, general psychopathology score range min 16 - max 112; PFC= prefrontal cortex; OFC= 
orbito frontal cortex; ACC= anterior cingulate cortex.  

Frontal D2/3R BPND in 22q11DS vs HC 

Compared to HC, adults with 22q11DS revealed a significant lower D2/3R BPND in the PFC 
(F=4.55, p<0.01) and anterior cingulate gyrus (F=4.15, p<0.01) (see Table 1 and Figure 
3), suggesting lower receptor BPND in 22q11DS. There was no significant difference in 
D2/3R BPND between HC and adults with 22q11DS in the OFC and ACC (F=1.04, p=0.42 
and F=0.52, p=0.76, respectively; Table 1 and Figure 3). Results of separate sub-regions 
of the PFC, OFC and ACC can be found in the Supplementary Materials (Supplementary 
Table 1 and Supplementary Figure 3). There was no significant association between D2/3R 
BPND in any of the frontal ROIs (p>0.05) and IQ within the HC group and with IQ or PANSS 
scores within the 22q11DS group.  
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Figure 3: Binding potential (BPND) per region of interest (ROI) 

Average dopamine D2/3 receptor binding potential (D2/3R BPND) (y-axis) in the prefrontal cortex (PFC), the 
orbitofrontal cortex (OFC), the anterior cingulate cortex (ACC) and the anterior cingulate gyrus (x-axis). The 
healthy control (HC) group is depicted in grey and the 22q11DS group in white. Mean D2/3R BPND was 
significantly (**) lower in the 22q11DS group compared to the HC group in the PFC and the anterior cingulate 
gyrus. Error bars represent standard deviations (SDs). **p<0.01 survived Bonferroni correction for multiple 
testing. HC= healthy controls.  

Discussion  

Here we report the results of the first study investigating frontal dopaminergic 
neurotransmission in 22q11DS, a genetic syndrome that is considered a valuable model 
for the study of biomarkers of psychotic disorders and cognitive deficits. As 
hypothesized, we found lower frontal D2/3 receptor BPND in adults with 22q11DS 
compared to healthy controls (HCs), indicating abnormal frontal DA levels in adults with 
22q11DS.  

Lower frontal D2/3R BPND in 22q11DS  

Lower D2/3R BPND in frontal brain regions adds to the growing evidence that indicates 
aberrant DA neurotransmission in 22q11DS13,14,16,32,39–41. There are several potential 
underlying mechanisms that could explain this novel finding.  

It is believed that the radiotracer [18F]fallypride competes with endogenous DA levels 
for D2/3 receptor binding44,61. Lower receptor BPND can therefore be the result of a higher 
DA concentration in the synaptic cleft, which results in lower BPND due to competition 
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and/or a down-regulation of post-synaptic DA receptor density14,62. This adds to 
accumulating evidence that indicates a hyperdopaminergic state as a general 
endophenotype of 22q11DS in their young adulthood13,39. In line with current results, a 
recent PET study in non-psychotic adults with 22q11DS found higher pre-synaptic DA 
synthesis capacity in striatal brain regions39. A hyperdopaminergic state could be the 
result of reduced frontal DA clearance compared to healthy controls, caused by COMT 
haploinsufficiency in 22q11DS17,63. COMT hemizygosity in 22q11DS is suggested to result 
in reduced COMT enzyme activity and consequently higher DA levels, especially in the 
PFC13,21,63, in line with our findings. It has been suggested that the “clearance role” of 
COMT and the effect of COMT Val/Met genotype in (frontal) DA turnover becomes 
increasingly important under challenged conditions18,64, for instance during stress task-
induced DA release paradigms25. Future studies are necessary to elaborate on the role 
of COMT genotype on frontal DA functioning in 22q11DS, possibly using a challenge 
condition and larger samples. 

Furthermore, a chronic exposure to higher endogenous DA could have a toxic effect 
on dopaminergic neurons and is proposed to precede the onset of DA denervation in 
22q11DS which is, amongst others, implicated in Parkinson’s disease (PD)39,65. Recent 
studies indeed show that 22q11DS patients older than 30-40 years have an increased 
risk for the development of PD39,66, further linking abnormal dopaminergic 
neurotransmission to 22q11DS.  

It is interesting to speculate about the clinical implications of the observed lower 
frontal D2/3 BPND and the proposed hyperdopaminergic state. On the one hand, our 
results may be associated with cognitive impairments often seen in 22q11DS1,5–7. 
Abnormal frontal DA levels may play a role in the induction of cognitive deficits based 
on the inverted U-shaped curve model67,68. Thus, the lower frontal D2/3 BPND in 22q11DS 
could be the result of excessive DA levels inducing cognitive deficits, including deficits in 
memory, attention and reward processing67. Such cognitive domains have previously 
been shown (using e.g. single cell recordings and PET imaging) to rely, amongst others, 
on frontal DA functioning12,68 and several of these cognitive domains have been found 
to be impaired in 22q11DS7,32,41,60. Future research including a comprehensive cognitive 
assessment tool is necessary, in order to associate cognitive functioning with frontal DA 
neurotransmission in 22q11DS.  

Abnormal frontal DA levels could furthermore be related to the increased risk for 
developing psychotic disorders in 22q11DS. Problems in the cognitive domain often 
occur in psychotic disorders69,70. 

Moreover, the severity of (primarily) cognitive and negative symptoms of psychotic 
disorders relying on frontal DA function12,71,72, are likely to be associated with decreased 
DA release in frontal brain regions72. Although a frontal hypodopaminergic state is 
proposed to be related to non-deleted psychosis12,73, we found lower frontal D2/3R BPND 
suggestive of a frontal hyperdopaminergic state and/or lower expression of post-synaptic 
DA receptor density14,62 in non-psychotic adults with 22q11DS with (mild) cognitive 
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impairments. This might be explained by the same mechanism as is proposed to result in 
cognitive dysfunction with the inverted U-shape curve model68. This model suggests that 
either too much or too little frontal DA levels induce cognitive deficits, which could also 
be true for psychosis related symptoms. It could additionally be explained by previously 
found differences in DAergic markers in 22q11DS compared to individuals with ultra-high 
risk (UHR)74. Disturbances of the DAergic system in the pathway to psychosis may be 
different in the 22q11DS population compared to other risk groups. 

However, direct evidence for frontal dopaminergic alterations in psychotic disorders 
is inconsistent and previous findings are inconclusive75. In this study, we found results 
indicating a hyperdopaminergic state in non-psychotic 22q11DS individuals, suggesting 
that frontal dopaminergic alterations are present in this group regardless of 
psychopathology. Future research in a sample including also patients with psychotic 
symptoms with 22q11DS would be interesting to provide additional insight in the 
association between psychotic risk and frontal DA functioning. 

Strengths and limitations 

The main strength of this study is the use of a unique patient group with a well-defined 
genetic syndrome which is a valuable model for the study of biomarkers underlying, 
among others, cognitive impairments and psychotic disorders. Some limitations of the 
study should also be taken into account. First, a limitation could be the relatively small 
size of the sample and the use of antidepressant medication in some of the participants. 
We reanalysed our main analyses excluding the 22q11DS subjects with medication and 
replicated our findings, indicating that the results were not affected by medication. 
Given the challenge of recruitment of (medication-naive) participants, the 22q11DS 
sample (size) could be considered representative, also in light of previous studies using 
similar paradigms25,41,45. 

Secondly, given the well-known association between smoking (status) and DA 
function48, we reanalysed our main analyses excluding the HC subjects that were 
habitual cigarette smokers and replicated our findings, indicating that the results were 
not affected by smoking status. 

Additionally, the design of the scanning protocol may also have affected the results, 
and should be taken into consideration in future research. For the analysis of “relative 
resting state” DA levels, from the original protocol, the sensorimotor control and 
baseline condition were analysed, without the experimental condition (designed to 
induce reward-related DA release)41,45,46. This design is necessary to detect reliable task-
induced changes on the [18F]fallypride uptake76. A sensorimotor control task was used 
to control for sensorimotor influence on the experimental reward task condition and to 
keep subjects awake, in order to prevent unpredictable head movement. Although the 
subjects were well instructed before the sensorimotor control task (Figure 1), the task 
might have influenced and elicited (sensorimotor-induced) DA release in frontal brain 
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regions. However, this would have been the case for both the control and the 22q11DS 
group, and there is no evidence, to the best of our knowledge, to suggest that 22q11DS 
confers a different DA release to sensorimotor tasks compared to controls. 

Furthermore, lower D2/3R BPND was found in the PFC and the anterior cingulate gyrus. 
Although D2/3R BPND seemed also lower in the orbitofrontal cortex and anterior cingulate 
cortex in 22q11DS compared to controls, this difference failed to reach significance. This 
could be due to a power issue and it is expected to find significant differences in 
increased sample sizes in these regions as well. More research is necessary to further 
explain the absence of significant differences in the orbitofrontal cortex and anterior 
cingulate cortex. 

Conclusion 

This study is the first to demonstrate lower frontal dopamine D2/3 receptor binding in 
adults with 22q11DS, which may represent a hyperdopaminergic state in frontal brain 
areas. This could be the result of haplo-insufficiency of COMT in these patients, and may 
play a role in their increased risk for developing cognitive impairments and psychotic 
disorders.  
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Supplementary Material 

Structural MRI data acquisition 

First whole brain T1-weighted MRIs were collected before the PET scans were obtained. 
As part of other studies previously conducted41,77, whole brain high-resolution T1-
weighted MRIs were collected on 3 different machines. In the case of 4 participants (only 
22q11DS), acquisition was performed in previous research, using a Philips 3 Tesla Intera 
MRI system equipped with a 6-channel sense head coil (scan parameters: repetition 
time (TR) = 9.8 ms, echo time (TE) = 4.6 ms; matrix size = 192 × 152; slice thickness = 1.2 
mm; 120 slices). For 9 participants (only 22q11DS), a high-resolution T1-weighted MRI 
scan was acquired (as part of another study) on a Siemens 7 Tesla Magnetom whole 
body MR system equipped with a 32-channel head coil. T1-weighted images were 
acquired using a MP2RAGE sequence (TR = 4500 ms; TE = 2.39 ms; matrix size = 256 x 
256; slice thickness = 0.9 mm; 192 slices; generalized autocalibrating partially parallel 
acquisitions (GRAPPA) = 3). Finally, for 17 participants (n=16 controls, and n=1 22q11DS 
participant), a Siemens 3 Tesla scanner (Siemens Healthcare, Munich, Germany) was 
used, using the Magnetization Prepared Rapid Acquisition Gradient-Echo (MP-RAGE) 
sequence (TR = 1900 ms; TE = 2.52 ms; matrix dimensions = 256 x 256; slice thickness = 
1 mm; 176 slices). 

PET data acquisition 

At least 90 minutes before the start of the PET scan, a non-magnetic intravenous cannula 
was placed in the antecubital vein of the participant’s arm for the injection of the 
radiotracer (Figure 1). To minimize head movement, participants were positioned on the 
scanner bed with their head fixated using a firm strap. Before the start of the PET 
acquisition protocol, a 10-minute low dose 68Ge/68Ga transmission scan was obtained, 
followed by the different PET paradigm conditions (Figure 1). In line with other 
comparable studies 25,42, a single bolus infusion PET paradigm was utilized, using the 
high-affinity and selective DA D2/3R radiotracer [18F]fallypride. More details on the 
modification of the 18F-fallypride radiosynthesis method are described previously 42. 
Using a slow intravenous bolus administration, participants received 18F-fallypride 
(mean injected dose = 202.3 MBq, SD = 6.88 MBq; specific radioactivity > 3.7 
GBq/µmol; radiochemical purity > 99.7%). The injection of the radiotracer was 
immediately followed by the collection the dynamic emission scans in three-dimensional 
mode, using a Siemens ECAT EXACT HR+ scanner (Siemens-CTY, Knoxville, TN, USA).  

The entire original PET acquisition protocol lasted 180 minutes in order to be able to 
obtain reliable estimates for both striatal and extrastriatal reward-induced DA release 
45,78. Based on the aim of the study, the frames of the experimental condition were not 
used, causing the final protocol to consist of 120 minutes (Figure 1). [18F]fallypride 
steady-state conditions are attained sooner in frontal compared to striatal regions, 
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because of the lower density of D2/3 receptors in the frontal than striatal brain areas, 
accounting for accurate frontal D2/3 BPND estimates in a 2 hour scanning protocol 44,79,80 
in contrast to a protocol longer than 2 hours for striatal brain areas 44. 

First, an 80-minute sensory-motor control condition was used, consisting of a total 
of 36 frames (6 x 60-second frames + 30 x 120-second frames). Then participants were 
removed from the scanner bed for a 15-minute break. They were repositioned using the 
localization system of the scanner and a 25-minute baseline rest images were obtained, 
consisting of 18 frames (120-second as frame length).  

A dynamic frame was collected every 60 seconds during the first 6 minutes of the 
protocol. During the following 114 minutes (the remainder of the protocol), every 120 
seconds PET data were collected, with a total of 63 frames, including the frames when 
the participant was outside of the scanner during the break. Data sets (slice thickness = 
2.425 mm; pixel size = 2 x 2 mm) were reconstructed by filtered back projection (Hamm 
filter) after Fourier rebinning into two-dimensional sonograms, corrected for random 
coincidences, scatter and attenuation using the 10-minute 68Ge/68Ga transmission scan. 

PET data analyses 

Multi-frames [18F]fallypride PET images were first realigned with the average image of 
the complete 120 minute acquisition for motion correction. The dynamic motion-
corrected [18F]fallypride PET image was then rigidly coregistered to the corresponding 
individual volumetric T1-weighted MR images, obtaining [18F]fallypride data in subject 
native space. The individual T1-weighted MR images were then nonlinearly coregistered 
to the standard Montreal Neurological Institute (MNI) space MRI template. 
Subsequently the same was done for the PET images using the same spatial 
transformation as the registered MR images. T1-weighted MR images were segmented 
into grey matter (GM), white matter and cerebrospinal fluid within native MRI space to 
automatically generate a total of 83 individual regions of interest (ROIs) according to the 
Hammers N30R83 atlas 58. Automatic delineation of the deep nuclei, was performed by 
T1-weighted MRI parcellation in the PMOD PNEURO tool. 

For each subject, individual voxel-wise parametric maps of DA D2/3 BPND 
55 were 

generated in patient space using the Ichise's Multilinear Reference Tissue Model 2 
(MRTM2)56. The MRTM2 is an adapted version of Ichise´s initial multilinear reference 
tissue model (MRTM) reducing the numbers of parameters to two by fixing the efflux 
rate constant of the ligand from the reference region (k2´) in all regions to the individual 
k2´ value gained from a preceding MRTM analysis of regions with low noise (i.e. high 
BPND). In this way voxel-wise parameter estimation is less prone to bias due to the noise 
in the data. As suggested by Ichise and co-workers56, we determined a priori k2´ as the 
average of k2´ determined with MRTM in side-averaged putamen and caudate nucleus, 
regions with high BPND. This k2´ values was then used for the voxelwise MRTM2 analysis.  
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The SRTM method is used over arterial input function method because the collecting 
of arterial blood samples adds risk, cost, measurement error, and patient discomfort to 
PET studies. Reference tissue methods have been found suitable for mapping striatal 
and extrastriatal regions with [18F]fallypride. The MRTM2 model, that was used in the 
current study to get BPND has been shown to be least sensitive to noise in the dynamic 
PET data, employing the use of a tissue reference region to represent the kinetics of 
unbound radioligand in the tissue81,82. 
 

 
Supplementary Figure 1: Masks for the sub-frontal regions.  

The masks are overlaid on a structural MRI scan and shown in transversal view. 
MRI = magnetic resonance imaging; PFC = prefrontal cortex; OFC = orbitofrontal cortex; ACC = anterior 
cingulate cortex. 
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Supplementary Table 1: Binding potential (BPND) per sub-region of interest (ROI)d  

Between groups  22q11DS (n=14) HC (n=16)     
  Mean SD Mean SD Test-stat. p-value 

BPND [18F]fallyprided   
     

Subregions       
PFC        

PFC Middle frontal gyrus  0.30 0.09 0.37 0.11 5.56c <0.01** 

PFC inferior frontal gyrus 0.31 0.10 0.39 0.10 8.33c <0.01** 

PFC superior frontal gyrus 0.25 0.09 0.34 0.10 5.54c <0.01** 

OFC        
OFC Anterior orbital gyrus  0.24 0.10 0.38 0.14 5.85c <0.01** 

OFC Medial orbital gyrus 0.85 0.40 1.00 0.43 0.68c 0.64 
OFC Lateral orbital gyrus  0.34 0.08 0.42 0.14 7.84c <0.01** 

OFC Parietal orbital gyrus 1.15 0.47 1.20 0.48 0.57c 0.72 
ACC       

Subgenual ACC 1.70 0.73 1.81 0.77 0.41c 0.84 
Presubgenual ACC  0.39 0.19 0.52 0.14 1.42c 0.25 

**p<0.01 survived Bonferroni correction for multiple testing in 9 ROIs (p=0.05/9=0.006) c=F-test d= IQ, 
smoking status, age and gender included as covariate. HC=healthy controls; IQ= intelligence quotient; 
PFC=prefrontal cortex; OFC=orbitofrontal cortex; ACC=anterior cingulate cortex. 
 

 
Supplementary Figure 2: Binding potential (BPND) per sub-region of interest (ROI)  
Average dopamine D2/3 receptor binding potential (D2/3R BPND) (y-axis) in the subregions of the prefrontal 
cortex (PFC), the orbitofrontal cortex (OFC) and the anterior cingulate cortex (ACC) (x-axis). The healthy control 
(HC) group is depicted in grey and the 22q11DS group in white. Mean D2/3R BPND was significantly (**) lower in 
the 22q11DS group compared to the HC group in all the subregions of the PFC (middle frontal gyrus, Inferior 
frontal gyrus and superior frontal gyrus) and in two subregions of the OFC (anterior orbital gyrus and lateral 
orbital gyrus). 
Error bars represent standard deviation’s (SD’s). **p<0.01 survived Bonferroni correction for multiple testing 
HC= healthy controls.  
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Abstract 

22q11 deletion syndrome (22q11DS), is associated with an increased risk for psychotic 
disorders, suggesting a relationship between genotypes and the pathophysiology of 
psychotic disorders. Two genes in the deleted region, catechol-O-methyl-transferase 
(COMT) and proline dehydrogenase (oxidase) 1 (PRODH), contain polymorphisms 
associated with neuropsychiatric phenotypes. Here we explored the association 
between polymorphisms and full-scale intelligence (FSIQ), startle reactivity (SR) and 
prepulse inhibition (PPI) in adults with 22q11DS.  

Forty-five adults with 22q11DS were genotyped for PRODH rs450046, rs372055 and 
COMT Val158Met. Plasma proline levels, FSIQ, SR and PPI were measured. Thirty-five 
percent of the subjects were hyperprolinemic. C allele carriers of PRODH rs450046 had 
a lower FSIQ compared to wildtype T allele carriers, indicating the C allele to be a risk 
allele (C allele: mean FSIQ 60.2 (sd 8.7); T allele: mean FSIQ 73.7 (sd 11.5); F1,43=7.59; 
p=0.009; partial η2=0.15). A significant interaction effect of proline levels and COMT 
Val158Met genotype was found for SR (F1,16=7.9; p=0.01; partial η2=0.33), but not for 
PPI and FSIQ. In subjects with hyperprolinemia, the COMT Val158Met genotype effect 
on SR was stronger than in subjects with normal proline levels.  

Overall, these data provide further evidence for the risk effect of elevated proline 
levels combined with the COMT Met allele and support the possibilities of using 
22q11DS as a model to investigate genotype effects on psychiatric disorders. 

Keywords: 
22q11 Deletion Syndrome, Velocardiofacial Syndrome, Catechol-O-methyl-transferase, 
Proline Dehydrogenase, Sensorimotor Gating 
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Introduction 

22q11 deletion syndrome (22q11DS) is a genetic disorder caused by a microdeletion on 
the long arm of chromosome 22 (Edelmann et al., 1999). The incidence is 1 in 4000-5000 
live births (Oskarsdottir et al., 2004). It was initially described by Shprintzen et al. (1978) 
as a multiple congenital malformation syndrome, named velocardiofacial syndrome 
(VCFS). The congenital malformations include cardiac anomalies (75%) velopharyngeal 
insufficiency (27-80%) and a typical facial appearance (McDonald-McGinn et al., 1999; 
Goldmuntz 2005). The features of the syndrome vary widely. 

In the study of Niarchou et al. (2014), who studied 80 children with 22q11DS aged 6-
14 years, 30.6% had a mild intellectual disability (IQ 53-69), 30.6% had a borderline IQ 
score (70-79) and 38.9% had an average IQ score (81-109). Moderate to severe 
intellectual disability has also been described in 22q11DS (Evers et al., 2014).  

In a recent study of 112 individuals aged 8 to 45 years with 22q11DS, 79% of 
individuals met diagnostic criteria for a DSM-IV-TR psychiatric disorder at the time of 
assessment (Tang et al., 2013). Psychiatric disorders in 22q11DS include attention-
deficit/hyperactivity disorder, autism spectrum disorders, anxiety disorders, mood 
disorders and psychotic disorders (Murphy et al., 1999;Fine et al., 2005;Antshel et al., 
2006;Tang et al., 2013;Niarchou et al., 2014;Schneider et al., 2014). Approximately 25-
40% of individuals with 22q11DS develops a psychotic disorder according to DSM-IV 
criteria for schizophrenia (Murphy et al., 1999;Green et al., 2009), indicating that 
22q11DS is one of the highest known risk factors for the development of schizophrenia 
(Murphy and Owen, 2001). In a large-scale collaborative study with 1402 participants 
with 22q11DS, aged 6-68 years, psychotic disorders were present in 41% of adults over 
age 25 (Schneider et al., 2014).  

In the general population, schizophrenia has high heritability, but to date, genetic 
research has only been able to explain a small proportion of heritable variance (Gershon 
et al., 2011). To investigate further the pathophysiology and heritability of 
schizophrenia, one highly promising strategy is the study of genes in the deleted region 
in 22q11DS that might contribute to psychosis in 22q11DS. Most studies focus on two 
genes in the deleted region: catechol-O-methyl-transferase (COMT) and proline 
dehydrogenase (oxidase) 1 (PRODH). 

The COMT gene encodes for the COMT enzyme, which is involved in the breakdown of 
dopamine, especially in the prefrontal cortex (Tunbridge et al., 2006). COMT hemizygosity 
may lead to lower COMT enzyme activity (van Beveren et al., 2012) and to higher 
dopamine levels, especially in the prefrontal cortex. This provides one possible explanation 
for the increased risk of psychosis in 22q11DS (Gothelf et al., 2005). The COMT gene 
contains a functional single nucleotide polymorphism (SNP), Val158Met. The Met allele is 
associated with a significant decrease in enzyme activity compared to the Val allele, 
probably leading to higher dopamine levels in the prefrontal cortex (Chen et al., 2004). In 
22q11DS, the Val158Met polymorphism might have a critical effect, because there is only 
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one copy of the COMT gene (Boot et al., 2011b). However, studies investigating the 
relationship between the COMT Val158Met genotype and prevalence of psychiatric 
disorders or cognitive functioning in 22q11DS, have yielded conflicting results (Bearden et 
al., 2004;Baker et al., 2005;Gothelf et al., 2005;Glaser et al., 2006a;Boot et al., 2011a). 

The second gene, PRODH, encodes for proline dehydrogenase, also called proline 
oxidase (POX), a mitochondrial enzyme that catalyzes the conversion of proline to 
glutamate (Tanner, 2008). Proline is shown to modulate glutamate neurotransmission 
and to have effects on the NMDA receptor (Ferreira et al., 2012). PRODH hemizygosity 
probably leads to lower POX activity, and indeed increased plasma proline levels have 
been demonstrated in patients with 22q11DS (Goodman et al., 2000). There is growing 
evidence that high proline levels may predispose to brain damage (Ferreira et al., 2012). 
Severe hyperprolinemia (> 550 μmol/L) is seen in children with type I hyperprolinemia 
(HPI), an autosomal recessive disorder consisting of inherited deficiency of POX, and has 
been associated with seizures, intellectual disability, and psychiatric symptoms; all of 
these are also associated with 22q11DS (Jacquet et al., 2003;Raux et al., 2007).  

The PRODH gene is highly polymorphic, and several SNPs have been studied for their 
possible association with idiopathic schizophrenia, yielding conflicting results. Few 
studies on the effect of PRODH polymorphisms in 22q11DS have been conducted until 
now (Gothelf et al., 2005;Raux et al., 2007;Zarchi et al., 2013). In the present study, we 
focused on the PRODH rs450046 and rs372055 polymorphisms. The PRODH rs450046 
polymorphism is a functional polymorphism: the C allele is known to increase POX 
activity compared to the T allele (Bender et al., 2005). The effect of the PRODH rs372055 
polymorphism on POX activity is unknown. Several studies provide evidence of these 
two SNPs being related to schizophrenia (Liu et al., 2002;Gothelf et al., 2005;Kempf et 
al., 2008;Roussos et al., 2009a). 

Interestingly, an interaction between COMT Val158Met polymorphism and proline 
levels has been reported and authors hypothesized that high proline levels could induce 
dopamine release in the prefrontal cortex by modulating glutamate neurotransmission 
(Vorstman et al., 2009). COMT Val158Met genotype might be of crucial importance in 
case where proline levels are high, because the Met allele is associated with a decrease 
in breakdown of dopamine. Evidence in support of this hypothesis comes from a study 
in mice (Paterlini et al., 2005) and from three studies in 22q11DS subjects (Raux et al., 
2007;Vorstman et al., 2009;Magnee et al., 2011). 

In the present study we utilized our unique sample of adults with 22q11DS to explore 
the association between the PRODH rs450046 and rs372055 polymorphisms, COMT 
Val158Met polymorphism, proline levels, full-scale intelligence (FSIQ), startle reactivity 
(SR) and sensorimotor gating. The novelty of the study lies in the genotyping of two 
PRODH SNPs that have hardly been studied in 22q11DS (Gothelf et al., 2005) and in the 
unique combination of these SNPs with proline levels and FSIQ.  

The present study is an exploratory study aiming to generate hypotheses which can 
be tested in larger samples of adults with 22q11DS in larger, collaborative studies. 
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PRODH rs450046 has a global minor (C) allele frequency of 0.09 
(http://www.1000genomes.org/node/506); the expected number of minor alleles in our 
sample of n=45 was therefore low and especially the results concerning this SNP should 
be considered as exploratory. 

Prepulse inhibition is seen as a measure of sensorimotor gating (Braff et al., 1978), 
and reduced PPI has repeatedly been proposed as a robust endophenotype in patients 
with schizophrenia (Braff et al., 2001;Turetsky et al., 2007). Reduced PPI has consistently 
been found in mice with long-range deletions that model the deletion in 22q11DS, 
suggesting that the deleted region plays an important role in the modulation of PPI 
(Paylor et al., 2001;Paylor et al., 2006;Stark et al., 2008;Drew et al., 2011). 

A recent study in adolescents with 22q11DS showed some evidence of impaired 
sensorimotor gating (a trend towards reduced PPI) in 22q11DS adolescents (McCabe et 
al., 2014). In addition, reduced PPI of the startle reflex has been shown in children with 
22q11DS (Sobin et al., 2005;Vorstman et al., 2009) but not in adults with 22q11DS (de 
Koning et al., 2012). An association between the COMT Val158Met polymorphism and 
PPI of the startle reflex has been found in 22q11DS: Vorstman et al. (2009) found a trend 
for lower PPI in 22q11DS children with the Met allele. Our group previously demonstrated 
lower SR and lower PPI in 22q11DS adults with the Met allele (de Koning et al., 2012). 

In the present explorative study we chose as dependent measures FSIQ and SR/PPI. 
We chose for FSIQ as a robust global measure of intellectual functioning. Recently, 
cognitive decline in 22q11DS has been shown to be a robust indicator of the risk of 
developing a psychotic illness (Vorstman et al., 2015). In case of a significant association 
of one of the independent measures with FSIQ, we also tested the association with the 
presence of psychotic illness and with psychotic symptomatology scores. Although it 
was an explorative study, we also specifically tested the following hypotheses: 
1. We hypothesized that hyperprolinemia would be associated with lower FSIQ scores, 

as was the case in Raux et al. (2007). 
2. We hypothesized that the C allele of PRODH rs450046 would be associated with lower 

proline levels and higher FSIQ scores compared to the T allele, because the C allele 
has been associated with increased POX activity (120% compared to T allele) (Bender 
et al., 2005). This higher POX activity might compensate for the lower POX activity 
due to hemizygosity, and therefore have a normalizing effect on increased proline 
levels in 22q11DS (Goodman et al., 2000), which might lead to a higher FSIQ. 

3. We hypothesized that there would be a moderating effect of proline levels on the 
earlier described effect of the COMT Val158Met genotype on SR/PPI in the same 
study population (de Koning et al., 2012). 
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Methods 

Subjects 

Forty-five adults with 22q11DS (28 women and 17 men) were enrolled in this study, 
which is part of a 22q11DS cohort study. Characteristics of subgroups of these subjects 
were published previously (Boot et al., 2008;da Silva Alves F. et al., 2011;Boot et al., 
2011a;Boot et al., 2011b;de Koning et al., 2012) and proline levels of 19 of these subjects 
were reported in previous studies (Raux et al., 2007;da Silva Alves F. et al., 2011)). The 
subjects were recruited as described previously (Boot et al., 2011a). A 22q11.2 deletion 
was confirmed in all subjects by fluorescent in-situ hybridization.  

Exclusion criteria for all participants were: (1) concomitant severe medical 
conditions, (e.g. epilepsy and current severe cardiac disorders), (2) pregnancy, based on 
the urine β-human Chorionic Gonadotrophin test, (3) lifetime history of substance abuse 
or dependence or any substance use in the last four weeks. 

The study was approved by the Ethics Committee of the Academic Medical Centre of 
Amsterdam and all participants of the study gave written informed consent after the 
whole procedure had been explained to them. 

Clinical assessment 

Subjects with 22q11DS were assessed for psychiatric diagnoses as described previously 
(Boot et al., 2011a). All diagnoses reported are DSM-IV diagnoses (American Psychiatric 
Association, 1994). Full scale intelligence (FSIQ), verbal and performance IQ were 
estimated using a shortened version of the Wechsler Adult Intelligence Scale – III, 
comprising seven subtests (similarities, arithmetic, digit span, information, picture 
completion, digit symbol coding and block design). For 3 of the 45 subjects, verbal and 
performance IQ results were not available. 36 of the 45 subjects were assessed on the 
day of testing using the Positive and Negative Symptom Scale (PANSS) (Kay et al., 1987). 

Genotyping 

Blood or saliva samples were collected from all subjects (44 blood samples and 1 saliva 
sample) to genotype the SNPs COMT Val158Met (rs4680) and PRODH rs450046 and 
PRODH rs372055. Collection, isolation, genotyping and analyses of the DNA material 
were carried out as described previously (de Koning et al., 2012). COMT Val158Met 
(rs4680) genotype was determined with Taqman assay C.25746809 A/G, PRODH 
rs450046 with Taqman assay C.25647474 C/T and PRODH rs372055 with Taqman assay 
C.25647479 A/G (Life Technologies).  
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Proline measurement 

34 subjects consented to proline measurement. Proline concentration in plasma was 
determined using a standardized protocol for the quantification of amino acids in 
biological fluids. Analyses were performed using ultra-performance liquid 
chromatography tandem mass spectrometry (Acquity UPLC - Micromass Quattro 
Premier XE TandemMass Spectrometer (Waters, Milford, MA)) (Waterval et al., 2009).  

Startle response measurement 

28 subjects consented to startle response measurement. The methodology and results 
have been described previously (de Koning et al., 2012). In short, subjects heard random 
noise bursts over white noise for approximately 11 minutes. The eye blink component 
of the acoustic startle response was measured by taking electromyographic recordings 
from the right orbicularis oculi. The startle system (EMG-SR-LAB, San Diego Instruments, 
San Diego, California, USA) recorded electromyographic activity at a 1000 Hz rate for 
250ms. Startle magnitude was measured in μV and was represented by arbitrary analog-
to-digital units in the startle system (0,77 μV/unit). Acoustic stimuli were presented 
binaurally through headphones (TDH-39-P, Maico, Minnesota, USA). After a 5-min 
acclimatization period of 70 dB broadband noise that was continued throughout the 
session, subjects received 36 40ms sound bursts (trials) of 116 dB broadband noise, 
separated by variable intervals (8-22 sec). The first and the last six trials consisted of 
pulse alone trials (trials without prepulse). The remaining 24 trials consisted of eight 
pulse alone trials, eight prepulse trials with an 80 dB prepulse for a duration of 20 ms 
with a stimulus onset asynchrony of 30ms, and eight prepulse trials with the same 
prepulse but with a stimulus onset asynchrony of 120ms. These 24 trials were presented 
in a pseudorandom order. Analysis of startle data and reasons for exclusion from 
analysis have been described in detail previously (de Koning et al., 2012). In short, all 
trials were inspected on a trial-by-trial basis for errors and then scored by the system’s 
analytic program. In total 23/28 (72%) subjects could be included in startle data analysis. 
For the present study, we assessed three startle parameters:  
1) startle reactivity (SR) = the mean amplitude of the first block of six pulse alone trials 

(μV);  
2) PPI 30 = the reduction in startle amplitude when a prepulse is presented before the 

startling stimulus, with a stimulus onset asynchrony of 30ms. PPI30 was calculated 
with the following formula: PPI30 (%) = 100 * (mean amplitude on pulse alone trials 
– mean amplitude on prepulse trials with stimulus onset asynchrony=30) / (mean 
amplitude on pulse alone trials).  

3) PPI120 = the reduction in startle amplitude when a prepulse is presented before the 
startling stimulus, with a stimulus onset asynchrony of 120ms. PPI120 was calculated 
with the same procedure as PPI30. 
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Statistical analysis 

All data were analyzed using PASW Statistics 18.0 for Windows. Proline levels were not 
normally distributed, but were so after log-normal transformation. Consistency of allele 
distribution with Hardy-Weinberg expectations (HWE) was tested with chi-squared 
tests. The effect of dichotomous variables (PRODH SNP genotypes, COMT Val158Met 
genotypes, dichotomous proline levels) on continuous variables (FSIQ, SR, PPI) was 
analyzed with ANOVAs. PPI30 and PPI120 were analyzed with a repeated measurements 
ANOVA with PPI30 and PPI120 as within subject variables. The effect of continuous 
variables (continuous proline levels) on continuous variables (FSIQ, SR, PPI) was 
analyzed with a linear regression analysis. In the regression analysis, PPI120 was chosen 
as the primary PPI measure because startle magnitude is maximally inhibited with a 
stimulus onset asynchrony of 120 ms using this paradigm.  

In case of significant results, we examined whether sex, age and 22q11DS subgroup 
(with or without a diagnosis of schizophrenia/schizoaffective disorder) significantly 
influenced the dependent variable. If they did, they were introduced as covariates in an 
analysis of covariance (ANCOVA).  

The confirmatory statistical comparisons of all data were carried out at a significant 
level set at p < 0.05 (two-tailed). Bonferroni correction for multiple testing was applied 
where necessary. 

Results 

Demographic, clinical and genetic data 

Demographic, clinical and genetic data are shown in table 1. Nineteen of the forty-five 
subjects (42%) with 22q11DS fulfilled DSM-IV criteria for schizophrenia or 
schizoaffective disorder (SCZ+). They all were in a stable phase of the illness during the 
study and used antipsychotic medication. Present medication of these subjects is shown 
in table 2a. All subjects used the present medication for more than one year. In the 
group without a psychotic disorder (SCZ-; n=26) only two subjects used psychoactive 
medication, that is an antidepressant (table 2b). As approximately one third of adults 
with 22q11DS develop schizophrenia, our 22q11DS group seems to be quite 
representative. The allele distributions for PRODH rs450046 and PRODH rs372055 are 
consistent with Hardy-Weinberg expectations (HWE). The allele distribution for the 
COMT Val158Met polymorphism is not consistent with HWE. In our sample, the Met 
allele was more frequent than would have been expected. 
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Table 1 Demographic, clinical and genetic data in adults with 22q11DS 

 22q11DS subjects MAFc HWE p valued 
N 45   
Age (median and range)a 30 (19 - 52)   
Sex (M/F) 17/28 (38%/62%)   
Diagnosis of psychotic disorder (yes/no) 19/26 (42%/58%)   
FSIQ (mean + s.d.) 71.9 (12.0)   
Verbal IQ (mean + s.d.) (n=42) 74.1 (13.7)   
Performance IQ (mean + s.d.) 73.1 (13.0)   
COMT Val158Met polymorphism (Val/Met)b 20/25 (44%/56%) Met = 0.39 0.02 
PRODH rs450046 (T/C) 39/6 (87%/13%) C = 0.087 0.95 
PRODH rs372055 (A/G) 33/12 (73%/27%) G = 0.23 0.56 

22q11DS = 22q11 deletion syndrome; MAF = minor allele frequency; HWE = Hardy-Weinberg expectation; 
FSIQ = full-scale intelligence quotient; COMT = Catechol-O-methyl-transferase; PRODH = proline 
dehydrogenase (oxidase) 1 
a) Age: median and range (age was not normally distributed in the sample) 
b) Although the Met allele is more frequent in this sample, the Met allele is the minor allele in the general 
population 
c) Global minor allele frequency based on data from 1094 worldwide individuals, released in the May 2011 
dataset (http://www.1000genomes.org/node/506) 
d) The allele distributions for the two PRODH SNPs are consistent with Hardy-Weinberg expectations (HWE). 
The allele distribution for the COMT Val158Met polymorphism is not consistent with HWE. 
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Table 2a Psychoactive medication in the 22q11DS group with schizophrenia/schizoaffective disorder (n=19) 

Drugs Doses (mg/day) Haloperidol equivalent (mg/day)a n 
Antipsychotics    

Aripiprazole 5 - 7.5 1 - 3 2 
Clozapine  50 - 300 0.67 – 6.5  4 
Haloperidol 10 10 1 
Olanzapine 10 5 2 
Quetiapineb 50 - 400 0.5 – 6.5 4 
Risperidoneb 2 - 5 3 - 9 6 
Zuclopentixol 6 1.2 1 

Mood stabilizers    
Lithiumcarbonatec 800 - 1200  2 
Sodium valproatec 900 - 1000  2 
Lamotriginec 100  1 

SSRIs    
Citalopramd 20  1 
Paroxetined 20  3 
Psychostimulants    
Atomoxetinee 40  1 
Methylphenidatee 36  1 

22q11DS 22q11 deletion syndrome, SSRI selective serotonin reuptake inhibitor  
aHaloperidol equivalents derived from Kane et al., attachment guideline 5A, page 25 (Kane et al. 2003)  
bOne patient took two antipsychotics: quetiapine and risperidone  
cAll five patients on mood stabilizers also took an antipsychotic  
dAll four patients on SSRIs also took an antipsychotic  
eBoth patients on psychostimulant drugs also took an antipsychotic 

Table 2b Psychoactive medication in the 22q11DS group without schizophrenia/schizoaffective disorder 
(n=26) 

Drugs Doses (mg/day)  n 
SSRIs    
Venlafaxine 75  1 
Other    
Mirtazapine 30  1 

22q11DS = 22q11 deletion syndrome; SSRI = selective serotonin reuptake inhibitor 
a) Haloperidol equivalents derived from Kane et al., attachment guideline 5A, page 25 (Kane et al., 2003) 
b) One patient took two antipsychotics: quetiapine and risperidone 
c) All five patients on mood stabilizers also took an antipsychotic 
d) All four patients on SSRIs also took an antipsychotic 
e) Both patients on psychostimulant drugs also took an antipsychotic 
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Numbers of participants and consequences for analyses  

Of the 45 included subjects, 34 consented to blood sampling for proline measurement 
(proline: n=34), and 28 subjects consented to startle response measurement. Five of these 
28 subjects had to be excluded from startle data analysis because of non-response or too 
many error trials, as described previously (de Koning et al., 2012) (startle data: n=23). 

Twenty of these 23 subjects also consented to proline measurement (proline + 
startle data: n=20). We did not analyze the effect of PRODH rs450046 on proline levels 
and on startle parameters because of the low C allele count (n=6 in the whole sample; 
n=3 in the 23 subjects who were included in startle data analysis; n=2 in the 34 subjects 
who consented to proline measurement). Analyses of the effect of PRODH rs450046 on 
FSIQ (C allele count n=6) and analysis of the effect of PRODH rs372055 on FSIQ (G allele 
count n=12) and on startle parameters (G allele count n=8) should be considered as 
exploratory analyses, as should be the analysis of the proline x COMT Val158Met 
genotype interaction on SR and PPI (Val n=6; Met n=14). 

Proline levels 

Median proline value was 281.5 µmol/L (range 159-929 µmol/L; n=34). Using previously 
defined thresholds, set at two standard deviations above mean values of control subjects 
(i.e. 316 µmol/L in females and 377 µmol/L in males) (Jacquet et al., 2005; Raux et al., 2007), 
12 subjects (35%) were hyperprolinemic (median value 456 µmol/L), and 4 of these 12 (12% 
of total) had severe hyperprolinemia (> 550 µmol/L) (median value 605 µmol/L). The lower 
bound reference range is 77 µmol/L, so there were no hypoprolinemic subjects. PRODH 
rs372055 did not influence proline levels (F1,32=0.14; p=0.71; partial η2<0.05) 

Biomarkers influencing FSIQ 

We conducted a series of analyses to investigate the association between FSIQ and PRODH 
rs450046, PRODH rs372055, COMT Val158Met polymorphism, interaction between COMT 
Val158Met polymorphism and the two PRODH polymorphisms, proline value and proline x 
COMT Val158Met polymorphism interaction. Results are shown in table 3. There was a 
significant association between the PRODH rs450046 genotype and FSIQ (F1,43=7.59; 
p=0.009; partial η2=0.15; n=45), individuals with the C allele having a lower FSIQ (figure 1) 
compared to individuals with the T allele (C allele: mean FSIQ 60.2 (sd 8.7); T allele: mean 
FSIQ 73.7 (sd 11.5)). This analysis survived Bonferroni correction for seven parameters 
tested. Repeating the same analysis for verbal IQ and performance IQ yielded comparable 
results, however the association between PRODH rs450046 genotype and verbal IQ did not 
survive Bonferroni correction (verbal IQ: F1,40=5.53; p=0.02; partial η2=0.12; n=42; 
performance IQ: F1,40=8.21; p=0.007; partial η2=0.17; n=42). 

None of the other biomarkers (PRODH rs372055, proline levels, COMT Val158Met 
genotype, interaction between COMT Val158Met polymorphism and the two PRODH 
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polymorphisms, and COMT Val158Met genotype x proline interaction) was significantly 
associated with FSIQ, verbal IQ or performance IQ.  

Sex and age did not significantly influence FSIQ and were therefore not introduced 
as covariates. 22q11DS subgroup (SCZ+/SCZ- [19/26]), however, did have a significant 
effect on FSIQ: SCZ+ subjects showed significantly lower FSIQ than SCZ- subjects (means 
66.1 versus 77.1; ANOVA F1,43=9.07; p=0.004; partial η2=0.17). Therefore, 22q11DS 
subgroup was introduced as covariate in an ANCOVA; the association between PRODH 
rs450046 and FSIQ remained significant (F1,42=5.63; p=0.02; partial η2=0.12). The 
number of SCZ+ and SCZ- participants for each allele is shown in supplementary table 
S1. 

Association between PRODH rs450046 and psychotic disorder 

The association between PRODH rs450046 genotype and FSIQ was strongly significant, 
in spite of the small number of minor alleles. This finding led us to investigate whether 
PRODH rs450046 was also associated with the presence of schizophrenia or 
schizoaffective disorder (SCZ+/SCZ-) and with PANSS scores. The association between 
PRODH rs450046 and SCZ+/SCZ- subgroup could not be tested because of a too low cell 
count in the C allele groups (see supplementary Table S1). 

As the total PANSS score was not normally distributed, the independent samples 
Mann-Whitney U test was used. Total PANSS scores were significantly higher (i.e. more 
symptoms) in individuals with the C allele (means 63.5 versus 46.8; medians 57.5 versus 
43.5; p=0.02; n=36; C allele count n=4). The number of SCZ+ and SCZ- participants for 
each allele is shown in supplementary table S2. 

Biomarkers influencing startle parameters 

Startle results are presented in table 4. We found no effect of PRODH rs372055 
genotype and proline levels on SR or PPI. Interaction analysis revealed a significant effect 
of proline x COMT Val158Met polymorphism interaction on SR. This significant 
interaction effect was seen both when analyzing proline as a dichotomous variable 
(F1,16=7.9; p=0.01; partial η2=0.33) and as a continuous variable (after log-normal 
transformation) (B1,16=-87.32; p=0.04; β=-5.22). 

The dichotomous analysis survived Bonferroni correction; the continuous analysis 
did not. In subjects with hyperprolinemia, the COMT Val158Met genotype effect was 
stronger than in subjects with normal proline levels (figure 2). 

The significant effect of proline x COMT Val158Met genotype interaction on SR was 
further tested for confounders. Sex, age and 22q11DS subgroup (SCZ+/SCZ- [6/14]) did 
not significantly influence SR. Tobacco smoking did significantly influence SR (as 
previously demonstrated; de Koning et al., 2012) and was therefore introduced as a 
covariate. The effect of proline x COMT Val158Met genotype interaction remained 
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significant (F1,15=7.7; p=0.01; partial η2=0.34). There was no interactive effect of 
proline x COMT Val158Met genotype on PPI. 

Table 3 The effect on FSIQ value in 22q11DS subjects of PRODH rs450046, PRODH rs372055, proline value, 
COMT Val158Met genotype and proline x COMT Val158Met genotype interaction 

 ANOVA for dichotomous variables Linear regression analysis for 
continuous variables 

 F  Df/dferr p Partial η2  B Df/dferr p 

PRODH rs450046 genotype (n=45) 7.59 1/43 0.009 0.15     

PRODH rs372055 genotype (n=45) 3.16 1/43 0.08 0.07     

COMT Val158Met genotype (n=45) 0.77 1/43 0.39 0.02     

COMT Val158Met x 
PRODH rs450046 (n=45) 

0.83  1/41  0.37  0.02     

COMT Val158Met x 
PRODH rs372055 (n=45) 

0.19 1/41 0.66 0.01     

Proline value (after log-normal 
transformation) (n=34)a 

< 0.0005 1/32 0.97 < 0.01  -2.3 1/32 0.67 

COMT Val158Met x proline (n=34)a 0.30 1/30 0.59 0.01  7.26 1/30 0.52 

FSIQ = full-scale intelligence quotient; 22q11DS = 22q11 deletion syndrome; PRODH = proline dehydrogenase 
(oxidase) 1; COMT = Catechol-O-methyl-transferase; ANOVA = analysis of variance 
a) Proline was analyzed as a continuous variable with a linear regression analysis, and as a dichotomous 
variable (normal proline versus hyperprolinemia) with an ANOVA 
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Figure. 1 Full-scale intelligence (FSIQ) in 45 subjects with 22q11 deletion syndrome (22q11DS) according to 
proline dehydrogenase (oxidase) 1 (PRODH) rs450046 genotype. Individual values and means are shown. 
Individuals with the C allele have lower FSIQ than individuals with the T allele (p=0.009; ANOVA). * = significant 
effect after Bonferroni correction. 
  



PRODH and proline x COMT interaction effects on IQ and startle in 22q11DS 

123 

Table 4 The effect on startle parameters in 22q11DS subjects of PRODH rs372055, COMT Val158Met genotype, 
proline and proline x COMT Val158Met genotype interaction 

(a) Effect on startle reactivity (SR)  

 ANOVA for dichotomous variables Linear regression analysis 
for continuous variables 

 F  Df/dferr p Partial η2 B Df/dferr p 
PRODH rs372055 (n=23) 0.57 1/21 0.46 0.03    
COMT Val158Met genotype (n=23)a 13.5 1/21 0.001 a 0.39    
Proline value (after log-normal 
transformation) (n=20)b 

0.18 1/18 0.67 < 0.01 14.6 1/18 0.56 

COMT Val158Met genotype x proline 
interaction (n=20)b 

7.9 1/16 0.01 0.33 -87.32 1/16 0.04 

(b) Effect on prepulse inhibition (PPI)c 

 ANOVA for dichotomous variables Linear regression analysis  
for continuous variables 

 F  Df/dferr p Partial η2 B Df/dferr p 
PRODH rs372055 (n=23) 0.21 1/21 0.66 0.01    
COMT Val158Met genotype (n=23)a 7.4 1/21 0.01 a 0.26    
Proline value (after log-normal 
transformation) (n=20)b 

0.03 1/18 0.87 <0.01 15.1 1/18 0.44 

COMT Val158Met genotype x proline 
interaction (n=20)b 

0.009 1/16 0.93 <0.01 -14.1 1/16 0.73 

FSIQ = full-scale intelligence quotient; 22q11DS = 22q11 deletion syndrome; PRODH = proline dehydrogenase 
(oxidase) 1; COMT = Catechol-O-methyl-transferase; ANOVA = analysis of variance 
a) Previous reported results from De Koning et al. (2012) 
b) Proline was analyzed as a continuous variable with a linear regression analysis, and as a dichotomous 
variable (normal proline versus hyperprolinemia) with an ANOVA 
c) In the analysis of dichotomous variables PPI was analyzed with a repeated measurements ANOVA with PPI30 
and PPI120 as within subject variables. In the linear regression analysis, PPI120 was chosen as outcome 
measure because startle magnitude is maximally inhibited with a SOA of 120 ms using this paradigm. 
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Fig 2 Startle reactivity (SR) in 22q11DS subjects with normal and high plasma proline levels, according to 
catechol-O-methyl-transferase (COMT) Val158Met genotype. Individual values are shown. The previously 
reported COMT Val158Met genotype effect on SR is moderated by plasma proline levels. In subjects with 
hyperprolinemia, the COMT Val158Met genotype effect is stronger than in subjects with normal proline 
(ANOVA; p=0.01; total n=20). (Plasma proline thresholds according to Jacquet et al. (Jacquet et al., 2005) (316 
μmol/L in females and 377 μmol/L in males)) 

Discussion 

We took advantage of a uniquely characterized sample of adults with 22q11DS in order 
to explore the relationship between PRODH gene variations, proline levels, the COMT 
Val158Met polymorphism, FSIQ, SR and PPI in adults with 22q11DS. Our main findings 
concerning our hypotheses include: 
1. Thirty-five percent of our 22q11DS subjects were hyperprolinemic, and 12% had 

severe hyperprolinemia. 
2. FSIQ was significantly associated with PRODH rs450046 genotype: individuals with 

the mutant C allele had significantly lower FSIQ compared to individuals with the 
wildtype T allele. The association between PRODH rs450046 genotype and proline 
levels could not be tested because of the low number of minor alleles. 

3. There was a significant interaction effect of proline levels and COMT Val158Met 
genotype on SR: in subjects with hyperprolinemia, the COMT Val158Met genotype 
effect (Met subjects having lower SR than Val subjects) was stronger than in subjects 
with normal proline.  
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Hyperprolinemia does not affect FSIQ in this 22q11DS sample 

Twelve of the 34 subjects (35%) were hyperprolinemic, and four of these had severe 
hyperprolinemia. These results are in line with the results of Goodman et al. (2000) and 
Raux et al. (2007) and can be explained by hemizygosity for PRODH in 22q11DS. We 
hypothesized that hyperprolinemia would be associated with lower FSIQ scores. 
However, in our 22q11DS group, we reported no association between proline levels and 
FSIQ, whereas Raux et al. (2007) found significantly lower IQ in 22q11DS subjects with 
hyperprolinemia compared to those with normal proline levels. One explanation for the 
difference in results between our study and the study of Raux et al. might be the over-
representation of subjects with intellectual disability in the sample of Raux et al. (2007). 
Mean FSIQ in the sample of Raux et al. was 64 (n=90), distributed as follows: IQ ≥70 / IQ 
55-69 / IQ <55 = 28/39/23 = 31%/43%/26%. In our sample mean IQ was 72 (n=45), 
distributed as follows: IQ ≥70 / IQ 55-69 / IQ <55 = 29/11/5 = 64%/24%/11%. The 
distribution of IQ in our adult sample is in accordance with the distribution found in 
populations of children and adolescents with 22q11DS (Swillen et al., 1997;Niarchou et 
al., 2014). The effect of proline levels on IQ might be different in subjects with 
intellectual disability compared to subjects with an average or below average IQ. 

Lower FSIQ and higher PANSS scores associated with the mutant C allele of PRODH 
rs450046 

In contrast to our hypothesis, individuals with the mutant C allele of PRODH rs450046 
had a lower FSIQ compared to individuals with the wildtype T allele. We also found that 
total PANSS scores were significantly higher (i.e. more symptoms) in individuals with the 
mutant C allele. 

Results concerning the association between PRODH rs450046 and idiopathic 
schizophrenia are inconsistent (Liu et al., 2002;Williams et al., 2003a;Glaser et al., 
2006b;Kempf et al., 2008). Evidence for the assumption that this SNP might be of clinical 
importance comes from a study in healthy men, by Roussos et al. (2009a), who found 
attenuated PPI associated with a PRODH haplotype including the mutant C allele of 
rs450046. The authors suggested that the mutant C allele, encoding a higher activity 
POX, leads to increased glutamate levels and consequently to increased schizophrenia 
risk (Roussos et al., 2009a). Kempf et al. (2008), who found a schizophrenia risk effect 
for the mutant C allele of PRODH rs450046, pointed out an apparent inconsistency: on 
the one hand, hyperprolinemia is associated with psychosis, but on the other hand the 
rs450046 mutation that increases POX activity and therefore probably decreases proline 
levels, is also associated with schizophrenia risk. They hypothesized that 
hyperprolinemia is a risk factor for psychosis, but that high proline levels within the 
normal range might have a protective effect, and that molecular mechanisms for these 
two findings might be different (Kempf et al., 2008). If this hypothesis would be correct, 
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the relationship between proline levels and brain functioning would not be linear, which 
could be an explanation for conflicting results until now.  

Interaction effect of proline levels and COMT Val158Met genotype on SR 

We hypothesized that there would be a moderating effect of proline levels on the effect 
of the COMT Val158Met genotype on SR/PPI in the same study population (de Koning et 
al., 2012). 

This hypothesis was confirmed for SR. In subjects with hyperprolinemia, the COMT 
Val158Met genotype effect (Met subjects having lower SR than Val subjects) was stronger 
than in subjects with normal proline levels. These results should be interpreted 
cautiously because of the small numbers of subjects in each subgroup.  

We hypothesized that decreased SR in our 22q11DS subjects with hyperprolinemia 
and the COMT Met allele was due to worse functioning of the prefrontal cortex, caused 
by excess dopamine in the prefrontal cortex. The relationship between prefrontal cortex 
dopamine activity and prefrontal cortex function is supposed to be inverted ‘U’-shaped 
(Tunbridge et al., 2006). Subjects with 22q11DS are probably placed on the right side of 
this curve due to COMT hemizygosity. On this background, the combination of the COMT 
Met allele, resulting in even higher dopamine levels, and hyperprolinemia, which might 
induce dopamine release in the prefrontal cortex (Vorstman et al., 2009), might lead to 
excessive dopamine levels in the prefrontal cortex and to deterioration of prefrontal 
cortex functioning. This mechanism might be an explanation for our finding and for the 
findings of three previous studies in 22q11DS subjects, where an interaction was 
reported between proline levels and COMT Val158Met genotype (Raux et al., 
2007;Vorstman et al., 2009;Magnee et al., 2011).  

We did not find a similar interaction effect for PPI. We cannot explain why the 
interaction effect was only present for SR and not for PPI, but this is consistent with the 
results of Vorstman et al. (2009) who found this interaction effect for SPEM but not for PPI. 

No association between PRODH rs372055 and FSIQ or startle parameters  

In our well-characterized 22q11DS subjects, PRODH rs372055 genotype was not 
associated with FSIQ. Only one previous study has examined the effect of rs372055, but 
in children and adolescents with 22q11DS, reporting a trend effect for this SNP on 
severity of psychotic symptoms (Gothelf et al., 2005). Our results are in line with a recent 
study investigating a different PRODH SNP (Arg158Trp rs4819756) (Carmel et al. 2014). 
They were also not able to find an association between PRODH and IQ scores.  

Several studies have investigated the association of this SNP with idiopathic 
schizophrenia, but results are inconsistent (Liu et al., 2002;Williams et al., 2003a;Williams 
et al., 2003b;Glaser et al., 2006b;Kempf et al., 2008), and a cumulative meta-analysis of four 
studies did not yield a significant effect either (http://www.schizophreniaforum.org/res/ 
sczgene (Allen et al., 2008)). In conclusion, results until now do not provide reliable evidence 
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for an association between the PRODH rs372055 SNP and clinical outcome in 22q11DS or 
in schizophrenia.  

Strengths and limitations 

This preliminary study has several important strengths including the use of a uniquely 
characterized population of clinically ascertained adults with 22q11DS and the 
investigation of two PRODH SNPs that have hardly been studied in 22q11DS. 

For the first time, we report the association between these SNPs on the one hand 
and FSIQ and startle parameters on the other hand in adults with 22q11DS. It is to be 
expected that polymorphisms in the PRODH gene have a more critical effect in 
individuals with 22q11DS because of hemizygosity. 

However, we acknowledge several important limitations. Firstly, findings are 
preliminary, given the relatively small sample size, especially in the PRODH rs450046 
mutant allele group (n=6) and in the COMT Val en COMT Met subgroups in the analysis 
of the proline x COMT Val158Met genotype interaction on SR and PPI (Val n=6; Met n=14). 
Recruitment of subjects with 22q11DS is challenging, especially given the frequency of 
intellectual disability and neuropsychiatric disorders. The results concerning the PRODH 
rs450046 effect on FSIQ and the proline x COMT Val158Met genotype interaction effect 
on SR need replication in a larger sample, requiring larger collaborative studies. 
Secondly, 19 of the 45 subjects were using antipsychotic medication and were diagnosed 
with schizophrenia or schizoaffective disorder. Although this finding is representative 
for individuals with 22q11DS, the use of antipsychotic medication may nevertheless be 
a confounder. However, the use of antipsychotic medication was introduced as a 
covariate where necessary, and this did not influence our results.  

Another limitation is the over-representation of 22q11DS subjects with the Met 
allele (56%; allele frequency in general population 39%). However, of interest, we found 
the same over-representation in other 22q11DS studies (Glaser et al., 2006a;Raux et al., 
2007). This potential selection bias should be taken into account in further research on 
the effect of COMT Val158Met genotype in 22q11DS. 
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Conclusions 

Thirty-five percent of our subjects were hyperprolinemic, and four of these had severe 
hyperprolinemia. We did not find an association between proline levels and FSIQ. As 
high proline levels previously have been associated with several negative clinical 
outcome parameters, this topic needs further research. 

We found a significant association between PRODH rs450046 and FSIQ in our 
22q11DS subjects, such that individuals with the mutant C allele had a lower FSIQ and 
higher total PANSS scores compared to individuals with the wildtype T allele, suggesting 
that the mutant allele is a risk allele for poor functional outcome.  

A significant interaction effect of proline levels and COMT Val158Met genotype was 
found for SR, but not for PPI. In subjects with hyperprolinemia, the COMT Val158Met 
genotype effect on SR (Met subjects having lower SR than Val subjects) was stronger 
than in subjects with normal proline levels.  

Overall, these data show the unique possibilities of using 22q11DS as a model to 
investigate the effects of PRODH and COMT gene variations and the role of proline in 
the pathophysiology of psychotic disorders. 
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Supplementary table S1 Number of SCZ+ and SCZ- participants for each allele in the analysis of the effect of 
PRODH rs450046 on full-scale intelligence in 45 subjects with 22q11DS 

 PRODH rs450046  
 T C Total 
SCZ+ 15 4 19 
SCZ- 24 2 26 
Total 39 6 45 

22q11DS = 22q11 deletion syndrome; PRODH = proline dehydrogenase (oxidase) 1; SCZ+ = with a diagnosis of 
schizophrenia or schizoaffective disorder; SCZ- = without a diagnosis of schizophrenia or schizoaffective 
disorder 

Supplementary table S2 Number of SCZ+ and SCZ- participants for each allele in the analysis of the effect of 
PRODH rs450046 on total PANSS scores in 36 subjects with 22q11DS 

 PRODH rs450046  
 T C Total 
With AP medication  11 3 14 
Without AP medication 21 1 22 
Total 32 4 36 

22q11DS = 22q11 deletion syndrome; PRODH = proline dehydrogenase (oxidase) 1; AP = antipsychotic; PANSS 
= positive and negative syndrome scale; SCZ+ = with a diagnosis of schizophrenia or schizoaffective disorder; 
SCZ- = without a diagnosis of schizophrenia or schizoaffective disorder 
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Abstract  

Background 
22q11.2 deletion syndrome (22q11DS) is a genetic disorder associated with 
neurodevelopmental, anxiety and mood disorders, as well as an increased risk for 
developing psychosis. Cortisol levels and stress reactivity reflect hypothalamic-pituitary-
adrenal (HPA)-axis activity, and are believed to be altered in individuals that often 
experience daily-life stress, depression, and psychotic symptoms. However, it is 
unknown whether patients with 22q11DS display an altered stress reactivity. 

Methods 
We included 27 adults with 22q11DS (mean age: 34.1 years, 67% female) and 24 age 
and sex-matched healthy controls (HC; mean age: 39.9 years, 71% female) into an 
experience sampling study. Throughout 6 consecutive days, we measured participants’ 
subjective stress related to current activity and at the same time collected salivary 
cortisol samples. Multilevel regression models were used to analyze cortisol reactivity 
to activity-related stress. 

Results 
Diurnal cortisol levels were significantly lower in the 22q11DS group compared to HCs 
(B=-1.03, p<0.001). 22q11DS adults displayed significantly attenuated cortisol reactivity 
to activity-related stress compared to HCs (B=-0.04, p=0.026). Post-hoc exploratory 
analysis revealed that these results were independent from 22q11DS psychiatric 
diagnosis or medication use. 

Conclusion 
These results indicate that adults with 22q11DS have lower cortisol levels and 
attenuated cortisol response to daily stress, possibly resulting from an increased 
sensitization of the HPA-axis, which may give rise to hypocortisolism. This suggests that 
alterations in HPA-axis functioning, previously reported in several psychiatric disorders 
including post-traumatic stress disorder (PTSD), psychotic disorder, and mood disorder, 
also appear to be present in adults with 22q11DS. 

Keywords 
Cortisol, Experience Sampling Method, 22q11.2 deletion syndrome, Stress reactivity 
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Introduction 

The 22q11.2 deletion syndrome (22q11DS) is a genetic disorder caused by a microdeletion 
on the long arm of the 22nd chromosome, resulting in hemizygosity of approximately 50 
genes1–5. Occurring in 1 out of 2000-4000 live births, it is one of the most common 
recurrent copy number variant disorders. The syndrome is associated with impairments in 
socio-emotional functioning (e.g., deficits in socialization, comprehension and social 
judgment) and somatic health (e.g., cardiac abnormalities, facial dysmorphology, 
immunodeficiencies, and early-onset Parkinson’s disease)2,6,7. In addition, patients 
generally have intellectual impairments, varying from borderline IQ to moderate-severe 
intellectual disability (average IQ of 70-85)2,3, and a high risk of developing mental 
disorders, including mood disorders (23-53%), attention deficit hyperactivity disorder 
(36%), autism spectrum disorder (25-50%), and psychosis (20-40%)3,8,9. 

It has been suggested that the wide variety of physical and mental health problems 
is partially related to the high rates of chronic stress in individuals with 22q11DS10. The 
clinical phenotype of 22q11DS includes greater susceptibility to stress and anxiety, and 
poorer coping skills10,11. Moreover, since children with 22q11DS often have to face 
medical (e.g., frequent hospitalizations and surgery)12,13, cognitive (e.g., delayed 
cognitive development)14,15, and social challenges (e.g., bullying)11 early in life, it is very 
likely that they may experience chronic stress, especially in infancy10,16. However, no 
study to date has investigated whether 22q11DS and healthy controls (HCs) differ in 
their experience of- and exposure to childhood adversity and chronic stress. 

Early-life stress can have several persisting effects, which include epigenetic 
alterations17, impaired brain development18,19, and an increased risk of developing 
psychiatric disorders17,20–22. Meanwhile, stressful events during adulthood are thought 
to increase risk for psychiatric disorders in vulnerable individuals, and may precede the 
onset of a psychotic episode23,24. 

The ability to adaptively respond to stressful events is modulated by hypothalamic-
pituitary-adrenocortical (HPA) axis activity: the stress-regulating system secreting cortisol 
in response to (potentially) stressful events25. It is suggested that long term exposure to 
stress and excessive activation of the HPA-axis can alter HPA-axis functioning and cause 
sensitization of the stress response26. Cortisol follows a diurnal curve with a stark rise 
shortly after awakening, followed by a gradual decrease over the day. Flattened curves are 
associated with poorer physical and mental health27, possibly due to HPA-axis dysfunction. 
Impaired cortisol reactivity in general is associated with psychiatric disorders28,29 also often 
reported in 22q11DS6,7 including depression30, anxiety31 and psychosis28. 

Given the abovementioned relevance of stress reactivity for mental and somatic 
health, it is rather surprising that little attention has been paid to the HPA axis function 
in 22q11DS adults. To our knowledge, only two studies (both in children) investigated 
cortisol and stress reactivity in 22q11DS32,33. Jacobson and colleagues33 found increased 
end-of-the-morning cortisol levels (collected around 11:00h) in a sample of 11 children 
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with 22q11DS compared to HCs. Another study investigating cortisol reactivity to a 
stressful working memory task, did not find significant differences in cortisol reactivity 
and recovery in relation to the task in 20 children with 22q11DS32. However, compared 
to HCs, an overall increase in afternoon salivary cortisol levels in 22q11DS relative to HCs 
were detected, potentially indicating abnormal HPA-axis functioning in this group. 

Studies using the experience sampling method (ESM)34, a structured diary technique, 
showed increased stress sensitivity (here, the emotional responses (positive and 
negative affect) to daily stress events) in (non-22q11DS) individuals with psychotic 
disorder and first-degree relatives of these patients35,36. ESM can be used for assessment 
of situational variables, outside of an artificial clinical or laboratory setting37,38, and has 
previously been used to investigate cortisol reactivity to stressful events in clinical and 
non-clinical populations39–41. ESM is exceptionally suitable for investigating cortisol 
fluctuations and responses to environmental challenges (i.e., stressors)39–41. In first-
degree relatives of patients with psychotic disorders, higher overall cortisol levels and 
increased cortisol response to daily life stressors have been found39. Another recent ESM 
study reported an altered cortisol response to stressful activities in patients with 
psychotic disorders compared to HCs42. ESM is therefore a suitable method to 
investigate stress reactivity in 22q11DS, and has never been used in this population 
before. 

To summarize, individuals with 22q11DS show increased susceptibility to stress and 
anxiety, and may be more exposed to and experiencing chronic (childhood) stress 
compared to HCs. Haploinsufficiency of around 50 genes makes 22q11DS a unique 
model to investigate the neurobiology underlying stress reactivity in general and in 
22q11DS specifically. The current study therefore aims to examine, for the first time, 
overall cortisol levels, diurnal slope, and cortisol reactivity to daily life stressors using 
ESM in adults with 22q11DS. Based on previous findings, we hypothesize that in their 
everyday lives, the 22q11DS, will show 1) altered overall cortisol levels, 2) a flatter 
diurnal slope, and 3) an altered cortisol response to activity-related stress, when 
compared to the comparison subjects (HCs). 

Method  

Sample 

Written informed consent was obtained from all participants who entered the study. 
Participants were treated in accordance with the Declaration of Helsinki43. This study 
was approved by the Medical Ethical Committee of the University of Maastricht (NL). 
After participation the individuals received a coupon with a total value of 75 euro’s for 
participating in the study. A total of 55 subjects (n=31 22q11DS) were recruited for the 
current study. The Dutch (NL) and Flemish (B) individuals with 22q11DS were recruited 
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through the Dutch 22q11DS family network, the National Adult 22q11DS Outpatient 
Clinic at Maastricht University Medical Centre (NL), the National Children 22q11DS 
Outpatient Clinic at University Medical Centre Utrecht (NL), and The Center for Human 
Genetics of the University Hospital Leuven (B). In addition, individuals with 22q11DS 
who participated in previous studies were approached if they had agreed to be re-
contacted. The 22q11DS sample was compared to a sample of 24 HCs partially 
overlapping with a previous study44. Recruitment and inclusion criteria for the HC 
subjects are the same as described previously44. 

The general inclusion criteria were: 1) age between 18-60 years, 2) sufficient 
command of the Dutch language, and 3) mental competence to give informed consent 
(for the 22q11DS group this was confirmed by an experienced psychiatrist during an 
interview before inclusion in the study). Additionally, for 22q11DS subjects, there had 
to be a confirmed deletion at chromosome 22q11.2 (determined by fluorescence in situ 
hybridization, multiplex ligation-dependent probe amplification, or micro-array 
analysis). General exclusion criteria were 1) current severe endocrine, cardiovascular, or 
neurological disease, 2) current alcohol and/or drugs cannabis dependence (confirmed 
by the substance abuse module of the Composite International Diagnostic Interview 
(CIDI))45. Additional exclusion criteria for the HC group in the study were 3) having a 
lifetime history of Axis I or II disorders as determined by the Mini-International 
Neuropsychiatric Interview (M.I.N.I.)46 and 4) current use of neuroleptics, steroids, or 
thyroid medication. 

General Procedure 

The current study was carried out in two sessions. During the first session participants 
completed behavioral questionnaires and they were briefed about the cortisol sampling 
and ESM procedure, and received instructions on how to use the PsyMate™ 
(www.psymate.eu)47, the electronic device used to collect self-assessments. In between 
the first and the second sessions ESM assessments were collected, with at least two 
telephone calls from the researchers to verify study compliance. In the second meeting 
the PsyMate™ and cortisol samples were recollected, the independent ESM period was 
debriefed and the final behavioral assessments were finished.  

Questionnaires / Behavioral assessments 

During the first session, demographics and medication use were ascertained. Full scale 
intelligence quotient (IQ) was assessed for 22q11DS subjects using the shortened version 
of the Dutch Wechsler Adult Intelligence Scale (WAIS-III-NL)48,49 consisting of four 
subtests: arithmetic and information (verbal IQ) digit-symbol-coding and block patterns 
(performance IQ)50; the Dutch Adult Reading Test (DART)51 was used to test IQ in the HC 
group. The 18-item Brief Psychiatric Rating Scale (BPRS) was used to rate general 
psychopathology52. Within the 22q11DS group, the Mini International Neuropsychiatric 
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Interview (M.I.N.I.) was performed to confirm psychiatric diagnosis46. All participants 
completed the Dutch version of the Childhood Trauma Questionnaire 25-item short form 
(CTQ)53. The questions are rated on a 5-point Likert scale and a general measure of 
childhood trauma was generated by calculating the sum of the separate domains, 
including Physical abuse, Emotional abuse, Sexual abuse, Physical neglect, and Emotional 
neglect. 

ESM technique and daily stress measure 

ESM is a structured diary method developed to assess participants in their daily life in a 
natural setting34,35,54. Using the PsyMate™, participants were signaled with a beep at 10 
semi-random times per day on 6 consecutive days between 7:30h and 22:30h. After a 
beep, participants were instructed to fill out a short questionnaire on the PsyMate™ 
assessing, among others, their current mood, activity, and context, which were scored on 
a 7-point Likert scale. The use of the device was explained to the participants in the first 
briefing session and a test run of the questionnaire was done during which each possible 
item was explained to the participant and a parent, partner, or supervisor. Participants 
were excluded if they failed to provide valid responses to at least one third of the beeps 
and incomplete momentary evaluations were excluded35,36,55. Level of momentary stress 
was based on the score of two items, rating the appraised stressfulness of the current 
activity: “I like doing this activity” (reverse coded) and “This activity is difficult for me”. 
These questions were rated on a 7-point Likert scale ranging from 1 to 7 (1= not at all, 7= 
very much). The mean of these two items was taken to compute the activity-related 
stress value, with higher scores representing higher levels of activity-related stress. To 
control for possible confounders, we assessed recent food/drink intake and nicotine and 
caffeine use since the previous beep using yes/no response options. 

(Salivary) Cortisol 

Saliva samples were collected with every PsyMate™ beep. After each beep, participants 
collected a saliva sample using a cotton swab (Salivette, Sarstedt, the Netherlands). They 
replaced the swab in the tube and recorded the collection time, before storage in their 
home freezers. During the second meeting the researcher collected the samples and 
stored the tubes at -20°C until analysis at Dresden University of Technology. Salivary 
cortisol was analyzed from the saliva samples in duplicate using radio-immunoassays56. 
Tracer solution Cortisol 3-CMO coupled with 2-[125I]-histamine and antibodies for Cortisol 
3-CMO-BSA was used57. Cortisol values above 44 nmol/L were removed from the analyses 
because they are considered physiologically abnormal25,39–41. Cortisol values were log-
transformed to reduce skewness of distribution, generating a new additional variable 
lncort39,42, which was approximately normally distributed. 
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Statistical Analysis 

Statistical analyses were conducted in STATA version 13.1 (StataCorp, College Station, 
TX, USA; 2013). For all analyses, the level of statistical significance was set to α=0.05. 
Group differences in demographic characteristics, mean scores of all combined (ESM) 
stress measures, and exposure to childhood trauma were investigated using chi-square 
tests and analyses of variance (ANOVA). All further analyses were carried out using 
multilevel regression models, which take into account the hierarchical character of ESM 
data: momentary observations (level 1) are nested within days (level 2) which are nested 
within subjects (level 3)58. Hence, random effects (intercepts) were added at both the 
person and day level. We use B to denote the (unstandardized) regression coefficient of 
a particular predictor in such a multilevel model. To test for group differences in mean 
cortisol levels over all assessments, a multilevel model was fitted using lncort as the 
dependent variable and group as the independent variable (Model 1). In this model, the 
diurnal slope of cortisol was estimated using the variable “centered beep time” (the 
variable time centered around 15:00h) and the square of this variable - “centered beep 
time2” as predictors. Centered beep time2 did not have a significantly better fit 
compared to “centered beep time”, therefore the model with centered beep time was 
used, with random slopes for this variable added at person and day level. To further 
investigate possible differences in diurnal slopes between the groups, the group x time 
interaction term was added to the model (Model 2). Finally, to investigate if groups 
differed in cortisol reactivity to activity-related stressors, activity stress and the group x 
activity stress interaction were added as predictors to the model (Model 3) with random 
slopes for activity stress at the person and day level. In case of a significant interaction 
effect, the Lincom command was used for comparisons. All models control for age, 
gender, medication use, oral contraceptive use, recent food and/or drink intake and 
recent smoking and/or caffeine use. The models also allowed for autocorrelation 
between residuals within a day (using an AR1 autocorrelation structure), to account for 
potential autoregressive effects. 

Results 

Sample (ESM) characteristics 

The 55 participants included (n=31 22q11DS and n=24 HCs) completed 2292 ESM reports 
and collected 1968 saliva samples. Four 22q11DS participants (with a combined number 
of 45 valid ESM reports) had to be excluded because they did not provide enough ESM 
assessments (less than one -third of the total number of beeps47,54, and 7 cortisol samples 
of HC participants had to be excluded because they were above the pre-determined cut-
off (mean cortisol > 44 nmol/l). This resulted in a dataset of 1916 valid ESM reports and 
cortisol samples from 51 subjects, 27 22q11DS patients (n=937) and 24 HCs (n=979) 
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(combined 58% compliance). Demographics of included participants are shown in Table 
1. Groups did not differ on most demographic characteristics, but there were significant 
group differences in level of education, source of income, mean BPRS score, medication 
use, and compliance (Table 1). As expected, given that impaired cognitive function is a 
core characteristic of individuals with 22q11DS3,59,60, IQ was significantly lower in 
22q11DS compared to HCs (F(1,49)=107.73, p<0.001, Table 1). CTQ scores did not differ 
between the 22q11DS and HC groups. 

Cortisol levels and diurnal slope 

Mean cortisol levels of all the combined samples were significantly lower in 22q11DS 
participants compared to HC (F(1,49)=94.18, p<0.001 Table 1, Figure 1a). Moreover, 
multilevel linear regression analyses revealed that 22q11DS participants had 
significantly lower cortisol levels across all ESM sampling moments compared to HCs 
(B=-1.03, p<0.001; Figure 1 & Table 2). There was a significant effect of time on mean 
cortisol, showing a significant cortisol decline during the day, with higher cortisol levels 
in the morning compared to the evening (B=-0.13, p<0.001, Figure 1 & Table 2). There 
was no significant interaction between time and group, suggesting a comparable 
steepness of the diurnal decline in cortisol throughout the day between groups (B=0.01, 
p=0.63, Figure 1 & Table 2). 

Cortisol reactivity to daily stressors 

There was no significant difference in mean activity-stress between the groups (Table 
1). Multilevel linear regression analyses revealed that cortisol reactivity to activity-
related stress differed significantly between the 22q11DS and HC group (B=-0.044 
p=0.026, Figure 2 & Table 2). Whereas in the HC group higher activity related stress 
seems to be associated with increased cortisol levels, this cortisol response seems to be 
blunted in the 22q11DS group (Figure 2). Activity-related stress was trend significantly 
associated with cortisol reactivity within the HC group (B=0.03, SE=0.01, 95% CI -0.00 to 
0.05, p=0.051). Activity-related stress was not significantly associated with cortisol 
reactivity within the 22q11DS group (B=-0.02, SE=0.01, 95% CI -0.05 to 0.01, p=0.22). 
The conclusions did not significantly change after the inclusion of levels of education 
and income as a covariate. 
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Table 1. Demographic characteristics and descriptives 
 

Controls (n=24) 22q11DS 
(n=27) 

Test statistic  Ρ value 

Gender (n male/n female) 7/17 9/18 X2(1)=0.10 0.75 
Age in years, mean (SD) 39.91 (±13.41) 34.11 (±9.81) F=2.16 0.15 
IQ, mean (SD) 106.09 (±8.36) 78.29 (±10.43) F=107.73 <0.001** 
Level of education, n (%) 

  
X2(2)=24.22 <0.001** 

Secondary school or less1 1 (4.17%) 14 (51.85%) 
  

Further education  8 (33.33%) 12 (44.44%) 
  

Higher education 15 (62.50%) 1 (3.70%) 
  

Marital status, n (%) 
  

X2(1)=1.2 0.28 
Married or living together 8 (33.33%) 13 (48.15%) 

  

Never married / single / divorced 16 (66.67%) 14 (51.85%) 
  

Living situation, n (%) 
  

X2(3)=3.4 0.33 
Alone 6 (25.00%) 4 (14.81%) 

  

With parents / relatives 11 (45.83%) 13 (48.15%) 
  

With partner/family/children/alone with children 7 (29.17%) 7 (25.93%) 
  

Special housing 
(psychiatric/non-psychiatric institute) 

0 (0%) 3 (11.11%) 
  

Source of income, n (%) 
  

X2(2)=6.7 0.03* 
Salary (work) / student fee 18 (75.00%) 11 (40.74%) 

  

Income from social workplace  0 (0%) 2 (7.41%) 
  

Income from benefit or maintenance2  6 (25.00%) 14 (51.85%) 
  

Work situation, n (%) 
  

X2(1)=3.8 0.05 
Working / significant housework / studying 18 (75.00%) 13 (48.15%) 

  

Disabled or unemployed 6 (25.00%) 14 (51.85%) 
  

Childhood Trauma Questionnaire (CTQ), 
mean (SD) (HC n=24, 22q n=26) 

34.08 (±7.62) 33.73 (±8.99) F=0.02 0.88 

ESM, mean (SD) (HC n=979, 22q n=937) 
    

Mean Momentary Cortisol in nmol/l 9.97 (3.08) 3.62 (1.34) F=94.18 <0.001* 
Number of beeps filled out per participant 46.79 (±7.92) 41.62 (±8.73) F=4.84 0.03* 
Momentary activity stress 2.68 (±0.69) 2.60 (±1.03) F=0.11 0.74 
Momentary caffeine use 0.29 (±0.21) 0.23 (±0.20) F=1.17 0.29 
Momentary nicotine use 0.09 (±0.24) 0.09 (±0.26) F=0.01 0.93 
BPRS total, mean (SD) 18.46 (±4.30) 22.93 (±5.30) F=10.75 0.002** 

Diagnosis (M.I.N.I.), n (%) 
    

Psychotic disorder 0 (0%) 1 (3.7%) 
  

Mood (and Anxiety) disorder 0 (0%) 4 (14.8%) 
  

Only Anxiety disorder 0 (0%) 3 (11.11%)   
None 24 (100%) 19 (70.4%)   
Oral contraceptive, n (%) 0 (0%) 2 (7.41%)  X2(1)=1.85 0.17 
Medication3, n (%) 0 (0%) 14 (51.85%)3 X2(1)=14.67 <0.001** 

*p<0.05 **p<0.001, 1 = Elementary school and high school (Dutch: VMBO, LBO, HAVO or VWO), 2 = Income 
from benefit or maintenance due to sickness, or unemployment 3 = Antipsychotics (Risperdal, Zyprexal), 
Psychoactive (Amitriptyline, Concerta, Paroxetin (n=2), Priadel, Sertraline, Sipralexa, Strattera, Oxazepamam), 
Other medication (Betamethason, Flixonase, Omeprazol) 
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Post-hoc analyses 

To further explore the differences between 22q11DS compared to HCs, we tested 
several post-hoc hypotheses to explain the results described above. 

First, we tested the hypothesis that the alterations found in 22q11DS are associated 
with higher levels of symptoms indicative of psychopathology (BPRS) or cognitive 
disabilities (IQ). We included BPRS total scores and IQ scores as predictors in the 
multilevel regression models. These analyses suggested that neither were significantly 
related to cortisol and inclusion of these variables did not alter the main conclusions and 
majority of the previous findings. Only a minor change of significance emerged in the 
analyses controlling for BPRS, marking activity stress significantly associated with 
cortisol in the HC group (B=0.03 SD=0.013 95% CI 0.00 – 0.05 p=0.044), where it was 
previously only trend significant (Table 2).  

Second, we added CTQ as covariate to the models to test the hypothesis that the 
between-group differences we observed resulted from chronic alterations due to 
exposure to (childhood) traumatic events. CTQ score was not associated with our stress 
measures (cortisol and activity-related stress), and the initial findings remained the same. 

Finally, we investigated whether the results could be explained by the effect of 
medication or M.I.N.I. diagnosis present in the 22q11DS group. To this end, we repeated 
our main analysis comparing the 22q11DS group with the HC group with exclusion of 
participants who were using medication (22q11DS n=14) and additional analysis 
excluding the participants with a M.I.N.I. diagnosis (22q11DS n=8), but the conclusions 
remained unchanged. 
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Figure 1a: Mean Cortisol differences including standard error bars, between healthy controls (HC) (n=24) and 
the 22q11.2 deletion syndrome (22q11DS) group (n=27). **=p<0.001 
 

  
Figure 1b: Mean Cortisol differences between healthy controls (HC; n=24) and the 22q11.2 deletion syndrome 
(22q11DS) group (n=27). Modelled change (based on regression coefficient) in untransformed cortisol values 
(nmol/l) over time of the day (in hours). Both groups have a significant reduction in mean cortisol over the day 
(significant main effect of time of the day: B=-0.14, SE=0.009, p<0.001; not significant interaction effect of 
group x time: B=0.006, SE=0.012, p=0.63). 22q11DS have a significant lower cortisol diurnal slope compared 
to HC (see Table 2 for statistics). 
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Figure 2: Cortisol reactivity to recent stressful activities, in 22q11.2 deletion syndrome (22q11DS; n=27) versus 
healthy controls (HCs; n=24). Modelled change (based on regression coefficient) in untransformed cortisol 
values (nmol/l) following daily activity stress (within 90 min). 22q11DS have a significant different cortisol 
reactivity compared to HC (see Table 2 for statistics). Activity stress was based on the average score of 2 ESM 
items (See Table 1). 

Discussion 

Here we report results from the first study to investigate cortisol levels and cortisol 
stress reactivity using the ESM method in adults with 22q11DS, a genetically defined 
population at increased risk for developing psychiatric disorders. Our main findings 
suggest that individuals with 22q11DS show overall lower mean cortisol levels and 
blunted cortisol reactivity to activity-related stress compared to HCs. This suggests that 
alterations in HPA-axis functioning, previously reported in several psychiatric disorders 
including post-traumatic stress disorder (PTSD), psychotic disorder, and mood disorder, 
thus also appear to be present in adults with 22q11DS. 

Overall cortisol & diurnal slope 

We found lower mean cortisol levels in 22q11DS, in line with findings in patient groups 
suffering from long term exposure to stress61, such as PTSD62, atypical depression63,64, 
chronic fatigue syndrome64,65, and burn-out66, and in contrast to findings in children with 
22q11DS, where elevated cortisol levels were previously found32,33. This may be 
explained by chronic overactivation of the HPA-axis (i.e., allostatic load), suggested to 
lead to a stronger, or overly sensitive, negative feedback response by cortisol, eventually 
resulting in hypocortisolism, as suggested in PTSD62,67,68. Both groups were found to have 
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no difference in CTQ scores, however, which was also not associated with cortisol in our 
analyses, thus challenging this explanation. However, sensitization of the stress system 
could occur in the absence of major traumatic events, for instance in response to the 
lifelong day-to-day stressful challenges associated with the syndrome10,11. Minor daily 
life challenges (or unexpected events) might additionally be experienced more stressful 
(traumatic), potentially associated to the high levels of chronic stress and anxiety in 
(children with) 22q11DS10,11,16,69. Future studies should take these topics into account 
when investigating cortisol in 22q11DS before any definite conclusions on the role of 
chronic stress can be drawn. 

The steepness of the diurnal decline in cortisol throughout the day did not differ 
between the groups, and although in contrast with our initial hypothesis, this result is in 
line with previous studies comparing HCs with relatives of psychotic patients39 and 
individuals with schizophrenia70. This indicates that the diurnal slope abnormalities do 
not necessarily have to be expected in individuals with stress-related symptoms. 

Moreover, no significant effects of age, gender, IQ, and psychopathology symptom 
scores on cortisol levels were found. Interestingly, the lower cortisol levels compared to 
HC remained after excluding 22q11DS participants with a psychiatric diagnosis or 
medication use. This indicates that the reported hypocortisolism found in the 22q11DS 
group is present irrespective of gender, age, and psychopathological factors, pointing 
towards alternative mechanisms that may better explain our findings, as is discussed 
below. 

Cortisol reactivity to activity-related stress 

Lower cortisol levels in 22q11DS, combined with previous findings indicating high levels 
of chronic stress in (infancy in) 22q11DS10, suggest an abnormal biological reactivity 
(possibly related to haploinsufficiency of 22q11.2 genes) to stressful situations. 
Interestingly, we also found a differential pattern of cortisol stress-reactivity in the 
22q11DS group compared to HCs which is in line with our hypothesis. These findings 
should be interpreted with caution, however, since the activity-related stress was trend 
significantly (positively) associated with cortisol in the HC group, and the negative 
association in the 22q11DS failed to reach significance. 

The results indicate that 22q11DS seems to have a blunted cortisol response to 
activity-related stress, consistent with some studies in psychotic disorder29,42, first 
episode psychosis71 and females with major depressive and anxiety disorders19. In 
22q11DS, sensitization of the HPA-axis could lead to a dissociation between the 
endocrinological stress response and the daily (minor) activity-related stress62. This 
notion is supported by a study showing no effect of suppressing HPA-axis activity in HCs 
on subjective stress reports, indicating that the emotional stress experienced remained 
intact even when the HPA-axis response was suppressed72. 
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However, we did not find any effect of psychotic symptomatology on cortisol stress 
reactivity, indicating that the cortisol reactivity abnormalities are present in 22q11DS 
regardless of psychiatric symptoms. Moreover, we did not find higher childhood trauma 
scores, nor an effect of childhood trauma on cortisol reactivity in 22q11DS, which was 
expected based on previous research10. 

To summarize, psychological mechanisms in 22q11DS related to stress, such as 
psychopathology, do not appear to be plausible explanations for our findings. 22q11DS 
has unique genetic characteristics, suggesting that the observed results could be 
explained by the biological mechanisms associated with 22q11DS. 

Biological mechanisms 

There are several possible underlying biological mechanisms causing the suggested 
hypocortisolism and blunted cortisol stress reactivity found in adults with 22q11DS. 
Research from twin studies established that genetic factors account for a significant 
portion of the variation in HPA-axis functioning73. A possible explanation could therefore 
be the haploinsufficiency for genes in the deleted region, suggested to be related to the 
increased risk for developing psychiatric disorders in 22q11DS74,75. Hemizygosity of the 
proline (dehydrogenase) oxidase 1 gene (PRODH), encoding the enzyme that catalyzes the 
conversion of proline to glutamate and has effects on the NMDA receptor76, could 
potentially be related to aberrant stress-reactivity in 22q11D because glutamate and the 
NMDA receptor are implicated to play an important role in the regulation of the HPA axis77. 

Another gene in the deleted region of 22q11DS, the Catechol-O-methyltransferase 
(COMT) gene, encoding the enzyme that breaks down especially frontal noradrenaline 
(NA) and dopamine (DA), is additionally suggested to alter HPA-axis functioning78. The 
COMT Met-allele results in lower COMT activity compared to the Val-allele79, and 
reduced COMT activity as a result of hemizygosity is present in 22q11DS74. Especially low 
COMT activity, probably resulting in higher levels of NA and DA, is associated with 
increased sensitivity to (early life) stress and cortisol reactivity in healthy adults78,80–82.  

Although cortisol levels are elevated in children with 22q11DS32,33, we found 
hypocortisolism in adults with 22q11DS, indicating impairments in the developmental 
trajectory of the endocrine systems. This is in line with recent insights from a 
longitudinal study in HCs showing that “short term” physiological symptoms in children 
were associated with hypercortisolism, while chronic worry and social concerns 
predicted hypocortisolism 3 years later83. A similar developmental trajectory, involving 
over-activation, over-sensitization, or some sort of exhaustion of the endocrine or 
signaling systems over the years, was previously suggested for DA in 22q11DS84. Also, a 
hyperdopaminergic state is found to be present in adolescents and adults with 
22q11DS85,86 whereas later in life 22q11DS patients have an increased risk for developing 
early-onset Parkinson’s disease, associated with striatal hypodopaminergia87. 
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To summarize, the abnormalities in cortisol reactivity and hypocortisolism found in 
our study could potentially be explained by genetically determined abnormalities of the 
stress system and aberrant developmental trajectories in 22q11DS. Future research is 
necessary to shed light on the potential role of these mechanisms in stress reactivity and 
its mediating role in the increased risk of developing psychiatric and neurological 
problems.  

Clinical implications 

One might speculate how the hypocortisolism state and abnormal cortisol stress 
reactivity relate to the multisystem clinical features in adults with 22q11DS. Abnormal 
HPA-axis functioning was previously found to be related to psychotic disorders29,39, 
major depression disorder62, PTSD67,68, and other anxiety disorders29. Hence, it is 
therefore likely to be related to psychiatric problems in 22q11DS as well (prevalence 
±60%, adults)88. The biologically inherited abnormal HPA-axis functioning could perhaps 
precede psychopathology in 22q11DS, despite the fact that we did not find this in the 
current study, including 22q11DS patients with no or minor psychiatric problems. 

Hypocortisolism in adults with 22q11DS could also be related to the high rates of 
immunological deficiencies, abnormal functioning of the endocrine system, and 
metabolic disorders in 22q11DS2,7,89. These disorders in 22q11DS include, amongst 
others, obesity (35%, adults), autoimmune diseases, hypocalcemia (>60%, attributable 
to hypoparathyroidism), and related (psychosomatic) symptoms like fatigue and 
emotional irritability90–92. Our results on altered cortisol functioning add valuable new 
evidence for the endocrine impairments in 22q11DS. More research would therefore be 
necessary to further investigate the exact association between hypocortisolism and the 
clinical multisystem features in 22q11DS. 

Strengths, limitations and future directions 

With this study we investigated cortisol stress reactivity in a unique sample of adult 
patients with 22q11DS for the first time, using the well-validated ESM method35. It is 
important to note several limitations to our methods, however. First, the high number 
of 22q11DS participants that had to be excluded from the final analyses based on the 
generally accepted exclusion criteria (compliance to ESM protocol of <33%54) and the 
significantly lower number of assessments filled out by the 22q11DS group (Table 1) 
could imply that the diary method in its current form is not appropriate for this patient 
group. Although previous studies using ESM demonstrated the feasibility and reliability 
of this method in vulnerable populations35,54,93,94, future research should consider the 
vulnerability of the population and possible deviations in compliance rate in the design 
of the protocol and the PsyMate™ questions. 

Second, although the activity-stress item has previously been used in comparable 
studies40,42, it is important to note that in the current study, “activity stress” was defined 
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using only two questions, possibly not reliably representing all categories of current daily 
stressors. Short-lived stressful moments, such as daily hassles, could for instance occur 
in between two assessment periods, and may not be captured by the momentary 
assessment protocol used. Third, several factors, such as physical activity, that can 
influence cortisol levels25,95 were not taken into account in the current ESM protocol. 
Future investigation may incorporate these measures. 

Fourthly, as mentioned before, it is possible that the retrospective and momentary 
questionnaires used were not capturing the current- and childhood stressors, concealing 
potential associations between cortisol and childhood trauma or psychopathology in our 
sample. Future research may include more comprehensive assessment tools for 
psychopathology, affect, anxiety, and (chronic childhood) stress-related symptoms. 

Finally, it should be noted that the sample of 22q11DS participants was 
heterogenous in their psychopathological profile and medication use, despite that the 
majority comprised of relatively high functioning patients (in terms of daily life 
functioning). This could potentially explain the absence of significant associations 
between chronic childhood stress, psychopathology, and cortisol. Research in a larger 
sample including more patients with (mild) psychiatric symptoms with 22q11DS will 
enable the possibility to create (more) homogenous clinical subgroups, which may 
provide additional insight in the association between psychopathology and cortisol 
stress-reactivity and possible causal factors like childhood trauma. 

Conclusion 

The current report demonstrates, for the first time, lower overall cortisol levels in adults 
with 22q11DS and attenuated cortisol response to daily stress, independent of 
medication use and psychiatric diagnosis. This could potentially be related to 
hemizygosity of genes located on 22q11.2 and could imply a permanent long-term effect 
of chronic stress.  
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Abstract:  

Background 
22q11.2 deletion syndrome (22q11DS) is a genetic disorder caused by a microdeletion 
on chromosome 22q11.2 resulting in hemizygosity of around 50 genes. 22q11DS is 
associated with anxiety and mood disorders, and increased risk for developing 
psychosis. Vulnerability for psychiatric disorders is thought to be related to alterations 
in emotional reactivity (changes in positive and negative affect) to daily environmental 
stressors in addition to genetic liability. However, it is unknown whether patients with 
22q11DS have an altered emotional stress reactivity. 

Methods 
We included 27 adults with 22q11DS (age: 34.1 years, 67% female) and 24 age- and 
gender matched healthy controls (HCs age: 39.9 years, 71% female). The experience 
sampling method (a structured diary technique assessing context, thoughts and mood 
in daily life) was used to assess current appraisal of subjective stress of daily activities, 
mood and emotional reactivity conceptualized as changes in positive and negative 
affect. Multilevel regression models were used to analyze emotional reactivity to 
activity-related stress.  

Results 
Adults with 22q11DS displayed an overall higher negative affect throughout the day 
compared to HCs (F=6.31, p=0.02). There were no significant differences in daily mean 
positive affect scores between HCs and 22q11DS. Minor stressors were significantly 
associated with decreased positive affect and increased negative affect in the HC group 
and 22q11DS group. 22q11DS adults had a blunted positive affective response to minor 
activity-related stress compared to HCs (B=0.11, p=0.011). A flatter decrease of positive 
affect in relation to increased minor stress is found in 22q11DS compared to HC. Post-
hoc exploratory analysis revealed that these results were independent from 22q11DS 
psychiatric diagnosis or psychoactive medication use.  

Conclusion 
These results indicate that adults with 22q11DS experience more negative affect 
throughout the day and have an aberrant (positive) emotional reactivity to minor 
stressors compared to HCs. Alterations in general mood, emotional reactivity to minor 
stressors, and the ability to interact with the environment, may be related to 
hemizygosity of around 50 genes and might contribute to the increased risk for 
psychopathology in 22q11DS.  

Keywords 
Experience sampling method, 22q11.2 deletion syndrome, Stress reactivity, Positive 
affect, Negative affect 
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Introduction 

The 22q11.2 deletion syndrome (22q11DS) is one of the most common recurrent copy 
number variant disorders occurring in approximately 1 in 2000-4000 births and is caused 
by a microdeletion resulting in hemizygosity around 50 genes1,2. 22q11DS is associated 
with a variety of symptoms including somatic-, social-, cognitive- and psychiatric 
problems. Besides a high prevalence of neurodevelopmental disorders (25-50%), also 
anxiety and mood disorders are reported in 15-65% of the individuals with 22q11DS and 
high rates (20-30%) of psychosis3–5.  

As a result of the mental, social and physical challenges associated with the 
syndrome, individuals with 22q11DS are thought to experience increased (chronic) 
stress and anxiety, often already present from childhood onwards6. Abnormal levels of 
experienced chronic and/or early life stress have, in turn, been associated to increased 
risk for a wide range of psychiatric disorders (e.g., major depression, psychotic disorders, 
anxiety disorders, and posttraumatic stress disorder)7–10, especially in vulnerable 
individuals11,12. This is thought to be caused by sensitization or dysregulation of the 
hypothalamic-pituitary-adrenocortical (HPA)-axis13, responsible for the bodily stress 
response secreting, amongst others, the hormone cortisol14.  

A dysfunctional HPA-axis could lead to abnormal stress reactivity, which is defined 
as the emotional responses (positive and negative affect) to (minor) stressful daily 
events15. Vulnerability for psychiatric disorders is thought to be related to alterations in 
emotional reactivity (changes in positive and negative affect) in response to daily 
environmental stressors16–18. Psychiatric disorders, including psychosis, have been 
proposed to emerge in vulnerable individuals under the influence of environmental 
stressors and it is associated with an increased (emotional) sensitivity to daily stressful 
events in the environment17,19. 

The experience sampling method (ESM) is found to be a reliable method to assess 
emotional reactivity to (minor) daily life stress in vulnerable populations20–23. In 
(relatives of) individuals with psychiatric disorders, including psychotic and affective 
disorders, ESM has demonstrated an increased stress reactivity17,19,24. It is proposed that 
altered emotional reactivity to daily life events could be a general vulnerability marker 
for psychiatric disorders25. However, no study to date has investigated emotional 
reactivity to stress in adults with 22q11DS. We therefore aimed to investigate emotional 
stress reactivity in adults with 22q11DS using the previously successfully used ESM 
method, allowing for a reliable assessment of the interaction between personal 
vulnerability and environmental stressors in a non-laboratory setting26,27. 

Haplo-insufficiency of genes in the deleted region of 22q11DS, including the 
Catechol-O-methyltransferase (COMT) gene encoding the enzyme that breaks-down 
extracellular dopamine and noradrenaline, is thought to be related to the increased 
susceptibility for psychopathology in 22q11DS28 and makes it a unique model to 
investigate the neurobiology of emotional reactivity to stress. Because of previous 
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findings of altered HPA-axis functioning29 and the high levels of psychopathology30,31 we 
hypothesized to find higher levels of negative mood and altered emotional reactivity to 
stress in adults with 22q11DS.  

Method 

Sample 

In total, 31 individuals with 22q11DS were recruited from the Netherlands (NL) and 
Belgium through the Dutch 22q11DS family network, the National Adult 22q11DS 
Outpatient Clinic at Maastricht University Medical Centre (NL), the National Children 
22q11DS Outpatient Clinic at University Medical Centre Utrecht (NL) and the University 
Hospital (KU) Leuven (Belgium). In addition, individuals with 22q11DS that participated 
in previous studies were also contacted. The 22q11DS sample was compared to a sample 
partially overlapping with a previous study32 of 24 HCs. Recruitment and inclusion 
criteria for the HC subjects are as described previously32. 

This study was approved by the Medical Ethical Committee of the University of 
Maastricht (NL) according to the standard of the National Committee of Health Research 
Ethics. Written informed consent was obtained from all participants included in the study.  

General exclusion criteria for all participants were: 1) current severe endocrine, 
cardiovascular or neurological disease and 2) current alcohol and/or cannabis 
dependence (confirmed by the substance abuse module of the Composite International 
Diagnostic Interview (CIDI)33. Additional exclusion criteria for the HC group in the study 
were 3) having a lifetime history of Axis I or II disorders as determined by the mini-
international neuropsychiatric interview (M.I.N.I.)34 and 4) current use of neuroleptics, 
steroids or thyroid medication. Inclusion criteria for all participants were: 1) age 
between 18-60 years, 2) sufficient command of the Dutch language, 3) mental 
competence (for the 22q11DS group this was confirmed by a psychiatrist during an 
interview before inclusion in the study) and 4) for 22q11DS subjects there had to be a 
confirmed deletion at chromosome 22q11DS (determined by fluorescence in situ 
hybridization (FISH), multiplex ligation-dependent probe amplification (MLPA), or micro-
array analysis).  

General Procedure 

The current study was carried out in two sessions (either in the living situation of the 
participant or at the university department). During the first session the participants 
completed different behavioral questionnaires and they were trained and briefed about 
the ESM procedure with the PsyMateTM35(www.psymate.eu), an electronic device to 
enable within-day self-assessment. In between the first and the second session the ESM 
protocol was carried out by the participant independently, with a few telephone calls 
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from the researchers for support and to verify study compliance. In the second session, 
the PsyMate was recollected and the participants were debriefed about the 
independent ESM period.  

Questionnaires / Behavioral assessments 

Of each participant, the demographics and medication use were collected at the briefing 
before the start of the ESM data collection week. Diagnosis of mental disorders was 
assessed using the M.I.N.I36. The 18-item Brief Psychiatric Rating Scale (BPRS) was used 
to rate general psychopathology37. Total IQ was assessed with the shortened Wechsler 
adult intelligence scale (WAIS-III-NL)38,39, based on 4 subtests, namely arithmetic and 
information (verbal IQ) digit-symbol-coding and block patterns (performance IQ)40. 
Behavioral assessments of the HC group were conducted as described previously32. 

ESM technique and daily stress measure 

The ESM (experience sampling method) is a data collection diary method in which 
participants self-evaluate their experiences in a natural setting throughout their daily 
life20,22. Previous studies using ESM in psychiatric patients have demonstrated the 
feasibility, validity, and reliability of this method in vulnerable populations20–22. To assess 
daily life experiences, participants received the electronic dedicated device with a touch 
screen; the PsyMate35. This device was programmed to beep 10 random times per day 
on 6 consecutive days at unexpected moments between 7:30h and 22:30h. Participants 
were instructed to fill out a short questionnaire on the Psymate after each beep, 
assessing among other items, their current engagement in activities/events, 
mood/affect, thought content, location, social situation, physical wellbeing, food/drink 
intake, psychoactive compound use and sleep quality (in separate morning and evening 
questionnaires), which were scored on a 7-point Likert scale (e.g. -3 = very unpleasant, 
0 = neutral, 3 = very pleasant). The use of the device was explained in the first briefing 
session to each participant and a test run of the questionnaire was done, during which 
each possible item was explained to the participant and a parent, partner or supervisor. 
For inclusion in the final analyses, participants had to have provided valid responses to 
at least one-third of the beeps, whereas incomplete sample moments were 
excluded17,19,22. To assess daily life stress (specifically activity-related stress) and positive 
and negative affect (mood), the sum of specific items of the PsyMate questionnaire were 
used (Table 1).  

Statistical Analysis 

Statistical analyses were conducted in STATA version 13.1 (StataCorp, College Station, 
TX, USA; 2013). For all analyses, the level of statistical significance was set to p<0.05. 
Chi-square tests and analyses of variance (ANOVA) were used to investigate group 
differences in demographic characteristics. Activity stress reactivity was tested using 
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multi-level regression models, which take into account the hierarchical character of ESM 
data, with three levels: 1) multiple observations which are 2) nested within days, 3) 
within subjects41. The B’s are the fixed (unstandardized) regression coefficients of the 
predictors in the multilevel model. To test group differences in stress reactivity, a multi-
level model was estimated using mood (positive or negative affect) as the dependent 
variable and stress (activity-related) as the independent variable. To investigate possible 
differences in activity stress reactivity between the groups, the group x activity stress 
interaction term was added to the model. Mood (positive or negative affect) was 
introduced as the dependent variable, and group, activity stress and group x activity 
stress as the independent variables. In case of a significant (interaction) effect, the 
Lincom command was used for comparisons. The models correct for autocorrelation 
between residuals (using an AR1 autocorrelation structure), to account for 
autoregressive effects (observations from 1 subject that are closer to each other in time 
will be more similar than those further apart). 

Table 1:ESM questions used to compute variables for different domains. 

Domain Aggregate ESM measure 
Activity stress Activity stress was based on the average score of 2 items. “Think of the activity you 

were doing before the beep” 1) “I like doing this activity (reversed scored for 
analyses)” and 2) “This activity is difficult for me”. These questions were rated on a 7-
point Likert scale ranging from 1 to 7. Mean score of the 2 items was taken to compute 
the activity stress value, with higher scores representing high activity stress and lower 
scores representing low activity stress.  

Negative affect Negative affect was based on the average score of 5 items. “I feel irritated”, “I feel 
anxious”, “I feel insecure”, “I feel guilty”, “I feel down”. These questions were rated on 
a 7-point Likert scale ranging from 1 to 7. Mean score of the 2 items was taken to 
compute the negative affect value, with higher scores representing high negative 
affect and lower scores representing low negative affect. 

Positive affect Negative affect was based on the average score of 3 items. “I feel Cheerful”, “I feel 
relaxed”, “I feel enthusiastic”. These questions were rated on a 7-point Likert scale 
ranging from 1 to 7. Mean score of the 2 items was taken to compute the positive 
affect value, with higher scores representing high positive affect and lower scores 
representing low positive affect. 

Results 

Sample (ESM) characteristics and behavioral assessments 

The 55 participants included (n=31 22q11DS and n=24 HC) completed a total of 2292 
ESM reports. In total, 4 22q11DS participants (with a combined number of 45 valid ESM 
reports) had to be excluded because they did not provide enough ESM assessments (less 
than 33.3% of total number of beeps= 20, the minimum number of beeps regarded not 
to influence data quality20,35). This resulted in a dataset of 2247 valid ESM reports from 
51 subjects, including 27 22q11DS patients (n=1124 ESM assessments) and 24 HCs 
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(n=1123 ESM assessments). 22q11DS participants completed significantly less mean 
momentary assessments compared to HCs (Table 2). Demographics of included 
participants are shown in Table 2. Groups did not differ on most demographic 
characteristics. There were significant group differences in income situation, level of 
education and medication use (Table 2). As expected, given that impaired cognitive 
functioning is a core characteristic of individuals with 22q11DS4,42,43, IQ also differed 
significantly between both groups (F=107.73 p<0.001, Table 2). 22q11DS participants 
had significantly higher mean BPRS symptom scores compared to HCs (F=10.75 p<0.001, 
Table 2).  

Group differences in mean mood scores of positive and negative affect and activity 
stress 

22q11DS participants had significantly higher mean negative affect scores compared to 
HCs (F=6.31 p=0.02, Figure 1 & Table 2). Moreover, multilevel linear regression analyses 
revealed that 22q11DS participants had significantly higher negative affect scores across 
all daily ESM sampling moments compared to HCs (B=0.47, p=0.008; Figure 1 & Table 3). 
There was no significant difference in mean positive affect score (F=0.01 p=0.92, Figure 
1 & Table 2) and no significant difference in positive affect score between both groups 
in the multilevel linear regression analyses (B=-0.29, p=0.167; Figure 1 & Table 3). There 
was no significantly different mean score in momentary activity-related stress (F0.11 
p=0.74, Table 3) between the 22q11DS and the HC group. 
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Table 2. Demographic characteristics and descriptive 

 Controls (n=24) 22q11DS (n=27) Test statistic  Ρ value 
Gender (n male: n female) 07:17 09:18 X2(1) =0.10 0.75 
Age in years, mean (S.D.) 39.91 (±13.41) 34.11 (±9.81) F=2.16 0.15 
IQ, mean (S.D.) 106.09 (± 8.36) 78.29 (±10.43) F=107.73 < 0.001** 
Level of education, n (%)   X2(2) =24.22 < 0.001** 

Secondary school or less1  1 (4.17%) 14 (51.85%)   
Further education (MBO) 8 (33.33%) 12 (44.44%)   
Higher education (HBO/WO) 15 (62.50%) 1 (3.70%)   

Marital status, n (%)   X2(1) =1.2 0.28 
Married or living together 8 (33.33%) 13 (48.15%)   
Never married / single / divorced 16 (66.67%) 14 (51.85%)   

Living situation, n (%)   X2(3) =3.4 0.33 
Alone 6 (25.00%) 4 (14.81%)   
With parents / relatives 11 (45.83%) 13 (48.15%)   
With partner/family/children/ 
alone with children 

7 (29.17%) 7 (25.93%)   

Special housing  
(psychiatric/non-psychiatric institute) 

0 (0%) 3 (11.11%)   

Income, n (%)   X2(2) =6.7 0.03* 
Salary (work) / student fee 18 (75.00%) 11 (40.74%)   
Income from social workplace  0 (0%) 2 (7.41%)   
Income from benefit or maintenance2  6 (25.00%) 14 (51.85%)   

Work situation, n (%)   X2(1) =3.8 0.05 
Working / significant housework / studying 18 (75.00%) 13 (48.15%)   
Disabled or unemployed 6 (25.00%) 14 (51.85%)   

ESM, mean (S.D.) (22q n=937 HC n=979)     
Number of Beeps filled out per participant 46.79 (±7.92) 41.62 (±8.73) F=4.84 0.03* 
Momentary Activity stress3 2.68 (±0.69) 2.60 (±1.03) F=0.11 0.74 
Negative Affect3 1.51 (±0.43) 2.04 (±0.95) F=6.31 0.02* 
Positive Affect3 4.80 (±0.73) 4.82 (±0.89) F=0.01 0.92 
BPRS total, mean (S.D.) 18.46 (±4.30) 22.93 (±5.30) F=10.75 0.0019** 

Diagnosis (M.I.N.I.), n (%)     
Psychotic disorder 0 (0%) 1 (3.7%)   
Mood (and Anxiety) disorder 0 (0%) 4 (14.8%)   
Only Anxiety disorder 0 (0%) 3 (11.11%)   
None 24 (100%) 19 (70.4%)   
Psychoactive Medication, n (%)4: 0 (0%) 8 (30%)3 X2(1) =0.99 < 0.001** 

*p<0.05 **p<0.001, 1 = Elementary school, VMBO, LBO, HAVO or VWO, 2= Income from benefit or 
maintenance due to sickness, or unemployment 3=for details on ESM items used see Table 1, 4= medication 
(Risperdal, Zyprexa, Amitriptyline, Concerta, Paroxetine (n=2), Priadel, Sertraline, Sipralexa, Strattera, 
Oxazepamum) 
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Figure 1: Mean Emotional score differences between HC (n=24) and 22q11DS group (n=27). Mean Negative 
Affect scores are significantly lower in 22q11DS compared to HC. Mean Positive Affect scores do not differ 
between the 22q11DS and HC group. *p<0.05. See for all statistics Table 1.  

Group differences in emotional (mood) reactivity to daily life (activity) stressors  

Multilevel linear regression analyses revealed that negative affect was significantly 
(positively) associated with activity-related stress within de HC group (B=0.14, SE=0.03, 
95% CI=0.09 to 0.20, p<0.001, Figure 2a & Table 3). Negative affect was also significantly 
(positively) associated with activity-related stress within the 22q11DS group (B=0.16, 
SE=0.03, 95% CI=0.10 to 0.21, p<0.001, Figure 2a & Table 3). Negative affect reactivity 
to activity-related stress did not differ significantly between the 22q11DS and HC group 
(B=0.01 p=0.75, Figure 2a & Table 3). This suggests a similar increase of negative affect 
with more stressful activities in both groups.  

Positive affect was significantly (negatively) associated with activity-related stress in 
the HC group (B=-0.32, SE=0.03, 95% CI=-0.39 to -0.27, p<0.001, Figure 2b & Table 3) 
and the 22q11DS group (B=-0.21, SE=0.03, 95% CI=-0.28 to -0.15, p<0.001, Figure 2b & 
Table 3). There was a significant interaction effect with group for positive affect and 
activity-related stress, showing a different positive affect relation to activity-related 
stress in the 22q11DS group compared to the HC group (B=0.11 p=0.011, Figure 2b & 
Table 3). 22q11DS participants showed a lower positive emotional reactivity to activity-
related stress compared to the HC group, indicated by a flatter slope of the negative 
association between positive affect and activity-related stress (Figure 2b).  
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2a.  
 

2b.   

Figure 2a & 2b: Emotional reactivity to recent stressful activities in 22q11DS (n=27) versus HCs (n=24). Modelled 
change (based on regression coefficient) in Negative and Positive Affect following daily activity stress (within 90 
min before the assessment). 2a. 22q11DS have significantly higher mean Negative Affect scores compared to 
HC but their negative affect reactivity to stressful activities is the same compared to HC (no significant 
interaction effect) (see Table 2 for statistics). 2b. 22q11DS have similar mean Positive Affect scores compared 
to HC, however they do have a significantly different Positive affect reactivity to stressful activities compared to 
HC (see Table 2 for statistics). 22q11DS seem to have a blunted decrease in positive affect emotional reactivity 
to stressful activities compared to HC (flattened slope compared to HC). Activity stress, Negative Affect and 
Positive Affect were based on the average score of several ESM items (See Table 1).  
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Table 3: Effects of minor daily activity stressors on affect (mood states) as estimated in separate multilevel 
linear regression models for negative affect and positive affect.  

 Negative Affect  
(observations n=2243) 

 Positive Affect 
 (observations n=2247) 

 B  S.E.  95% C.I. p  B  S.E.  95% C.I. p 
Group 0.47 0.18 0.12 <-> 0.82 0.008**  -0.28 0.21 -0.69 <-> 0.12 0.167 
Activity stress 0.14 0.03 0.09 <-> 0.20 0.000**  -0.33 0.03 -0.39 <-> -0.27 0.000** 
Group x Activity Stress 0.02 0.04 -0.06 <-> 0.09 0.747  0.11 0.04 0.03 <-> 0.20 0.011* 

**p<0.001 *p<0.05 S.E. = standard error. CI = confidence interval HC = healthy controls 22q11DS= 22q11.2 
deletion syndrome. All models correct for autocorrelation between residuals. 

Post-hoc analyses  

To better understand the differences between 22q11DS compared to HCs, we tested 
several post-hoc hypotheses to explain the results described above. 

First, we tested the hypothesis that the alterations found in 22q11DS are associated 
with higher levels of symptoms indicative of psychopathology. Therefore, we included 
BPRS total scores as predictor to the models. BPRS total scores were significantly 
predicting affect measures (negative affect BPRS B=0.05 p=0.02, positive affect BPRS B=-
0.07 p=0.005), but the conclusions of the main group and interaction analysis remained 
unchanged. Only the main group effect on negative affect disappeared after including 
BPRS as a predictor to the model (B=0.28, SD=0.19, 95% CI= -0.09 to 0.65, p=0.14).  

Additionally, we investigated if the results could be explained as an effect of 
psychoactive medication or M.I.N.I. diagnosis present in the 22q11DS group. To this end, 
we repeated our main analysis comparing the 22q11DS group with the HC group, 
excluding those participants who were using psychoactive medication (22q11DS; n=8) 
and another analysis excluding the participants with a M.I.N.I. diagnosis (22q11DS; n=8), 
but the conclusions remained unchanged.  

Discussion 

This is the first study to investigate emotional stress reactivity using ESM in 22q11DS. 
Our main findings indicate that adults with 22q11DS 1) display an overall higher negative 
affect throughout the day, 2) have an aberrant emotional (positive affect) stress 
reactivity, and 3) do not experience different amounts of daily life activity-related stress, 
compared to HCs. Although an overall significant increase in perceived activity-related 
stress was related to an increase in negative affect and a decrease in positive affect in 
both groups, in 22q11DS a blunted positive affective response was found in relation to 
increased minor activity-related stress compared to HCs. These results suggest that 
aberrant levels of negative mood in daily life and abnormal positive emotional reactivity 
to stress are present in adults with 22q11DS.  



Chapter 6 

172 

Impaired stress reactivity and higher negative affect in 22q11DS 

The results indicate that activity-related stress measures are a predictor of mood in 
22q11DS, which is consistent with several previous studies investigating the effects of 
daily events on mood in healthy individuals (both positive affect or negative affect)44,45. 
In line with previous studies in HCs and (relatives of) individuals with a psychotic 
disorder, 22q11DS individuals show increased negative affect and decreased positive 
affect in relation to increased perceived stress17,44–47. However, 22q11DS individuals 
generally ascribe higher negative affect scores to minor stressful experiences compared 
to HCs, indicating that they perceive the (challenges of the) environment with more 
negative emotions compared to HCs. This is in line with the high prevalence of anxiety 
and mood disorders and the high rates of negative symptoms like anhedonia (the 
inability to feel pleasure) reported in 22q11DS48,49.  

Individuals with 22q11DS deviated in positive, not negative, emotional stress 
reactivity from HCs. A smaller decrease in positive affect to more stressful activities 
might be related to their inability to adequately respond to the environmental 
challenges6,50–52, with a decrease in positive emotions to increased external stressors. 
There was no difference in mean positive affect between the groups, indicating that the 
abnormal stress reactivity is related to the association between stress exposure and the 
emotional response to this exposure, regardless of the amount of positive affect 
experienced by the 22q11DS individuals.  

Differences in stress appraisal and coping might mediate the effects of stress on mood53. 
The mean amount of appraised activity-related stress did not differ between 22q11DS and 
HCs, indicating that the 22q11DS individuals apparently experience similar levels of daily 
life stress, or at least not more than HCs. Even though that we did not find a difference in 
appraised stress, the correspondence between objective environmental stimuli (related to 
activity stress) and the subjective experience of stress (operationalized as mood in response 
to stress) might still be abnormal in 22q11DS and potentially related to increased risk for 
psychopathology. This suggestion is strengthened by recent work confirming the central 
role of stress and coping in the pathway to psychosis in 22q11DS54. 

This abnormal emotional response suggests that, besides previously found abnormal 
cortisol reactivity to stress in adults with 22q11DS29, the psychological reaction to stress 
is also abnormal. This adds to the growing evidence of abnormal response to stress 
(stress reactivity) in 22q11DS6,29. Our results indicate that adults with 22q11DS 
experience higher self-reported negative affect to small stressors in daily life, whilst 
previous research showed lower mean cortisol levels in adults 22q11DS compared to 
HC29. This is a divergent pattern from the relationship between affective responses and 
adrenocortical stress responses in HCs15. In 22q11DS an over-sensitization of the HPA-
axis could explain these findings, resulting in a form of exhaustion of the endocrine 
system. In psychotic disorder and post-traumatic stress disorder (PTSD), abnormal 
emotional stress reactivity is suggested to be related to early life and/or chronic 
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stress16,18. The same could hold for 22q11DS, as chronic stress is often reported in 
(children with) 22q11DS6,31,55, potentially resulting in over-sensitization of the HPA-axis 
and aberrant (emotional) stress reactivity.  

Diminished positive affect reactivity to stress and high rates of daily negative mood 
could additionally be related to the previously found impairments in reward processing 
in 22q11DS48,56,57. Motivational deficits represent one dimension of negative symptoms, 
including anhedonia, social withdrawal, diminished affect and alogia58. Approximately 
60-80% of adults with 22q11DS experience negative symptoms which is a high 
prevalence compared to positive psychotic symptoms experienced by 23-45% of 
adolescents with 22q11DS49,59. These symptoms are moreover strongly associated with 
day-to-day functioning, including the ability to deal with stress60. The previous 
observations are in line with the findings of our study showing higher daily levels of 
negative mood in adults with 22q11DS. 

These results might also be related to the cognitive impairments frequently reported in 
22q11DS due to the proposed relation between cognition, emotion and reward 
impairments61,62. The ability to generate mental representations of reward value61 is 
affected by impairments in cognitive domains including learning and working memory63. In 
addition, it is thought that there is a link between cognition and emotional functioning62, 
therefore the cognitive impairments in 22q11DS might relate to their cognitive inability to 
understand and perceive the environment and to respond emotionally accurate64,65. 

Moreover, the results of our study were still present when excluding 22q11DS 
participants with a psychiatric diagnosis or psychoactive medication use. This indicates 
that an increased negative mood and a lower positive affect reactivity to stress, is 
present regardless of psychiatric diagnosis or medication use. The deletion itself and the 
biological factors underlying the psychological phenotype might therefore enhance the 
risk for aberrant mood and emotional reactivity to stress in the general 22q11DS 
population, independent of the psychiatric diagnosis.  

Biological mechanisms of impaired stress reactivity and higher negative affect in 
22q11DS 

One of the biological mechanisms causing the high levels of negative mood and aberrant 
stress reactivity in 22q11DS, could be the abnormal cortisol levels and reactivity to stress 
recently found by our group29. The hypocortisolism found in our previous study29 is 
proposed to be caused by abnormal HPA-axis functioning66,67, potentially related to 
developmental impairments in the endocrine and catecholamine systems. These 
impairments are suggested to be caused by haploinsufficiency of genes68 in the deleted 
region of 22q11DS, and might therefore also be related to the abnormal emotional 
reactivity to stress in 22q11DS.  

The COMT gene is one of the 50 genes in the deleted region50,69 encoding the enzyme 
that breaks down catecholamines including noradrenaline (NA) and extracellular 
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dopamine (DA). COMT primarily effects frontal DA clearance under challenged 
conditions like stress70. Haploinsufficiency of COMT in 22q11DS, resulting in altered 
catecholamine signaling due to a 50% reduction of COMT gene-expression and enzyme 
activity69, is suspected to be one of the key biological factors increasing the risk for 
developing psychotic disorders (by 25- or 30-fold) and other psychiatric disorders69,71,72 
in 22q11DS. Moreover, DA and NA play an important role in the regulation of 
reward/fear condition and anxiety73,74 which are important in the formation of the stress 
response, and COMT hemizygosity might therefore be related to abnormal emotional 
reactivity to stress. Impairments in reward processing can additionally be related to fear 
and stress reactivity and have previously been found in 22q11DS. These impairments 
are also suggested to be related to COMT genotype and abnormal striatal DA release56,75. 
The COMT genotype is furthermore found to alter HPA-axis functioning76, cortisol levels 
and subjective feelings of stress77,78, which in turn are associated with developing 
psychosis16,79. Especially low COMT activity (as a result of the COMT Met-allele and 
comparable to COMT hemizygosity in 22q11DS) is associated with increased emotional 
stress reactivity80,81. 

In addition, besides the COMT gene, other genes in the deleted region could also 
play a role in the abnormal stress reactivity found in 22q11DS. The proline 
dehydrogenase (PRODH) gene is an interesting candidate gene to investigate in future 
research too, since this gene is involved in the glutamate pathway82, a neurotransmitter 
involved in (fear) memory formation and also found to be important for the stress 
response83. Previous research in 22q11DS already showed an association between 
COMT and PRODH genotypes and psychological traits, including IQ and startle 
reactivity84,85. Future research is needed to further investigate the specific relation 
between altered emotional- and cortisol stress reactivity, COMT and PRODH genotype 
in 22q11DS.  

Clinical implications of impaired stress reactivity and higher negative affect in 22q11DS 

We can only speculate about the clinical implications of the obtained results. Abnormal 
emotional reactivity to stress has previously been found to be related to major 
depression disorder66, psychotic disorder86,87 and anxiety disorders87. It is therefore 
likely that the aberrant negative mood level and diminished positive mood reactivity to 
stress found in our study can be related to the high rates (especially the negative 
symptoms) of psychotic disorder, anxiety and mood disorders reported in 22q11DS48,60. 

Although aberrant stress reactivity is suggested to be a marker of vulnerability for 
psychiatric disorders, including psychosis, and could therefore potentially also be 
associated to the increased risk for psychosis in 22q11DS30, our results indicate that in 
22q11DS the aberrant stress reactivity is also present in individuals that did not develop 
any severe psychiatric disorders (yet). This does not rule out the possibility that aberrant 
stress reactivity in 22q11DS can causally be linked to clinical symptoms and may precede 
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psychopathology or be a risk factor. Future (longitudinal) research is necessary to 
investigate the association between stress, stress reactivity and (the onset of) 
psychiatric symptoms. If there is indeed a relation between abnormal stress reactivity 
and psychiatric symptoms, as it is in other populations with (a risk of) psychiatric 
disorders17,19,24, it is additionally interesting to explore clinical intervention possibilities 
in 22q11DS. These interventions could either focus on the reduction of stressful events 
in their environment, or on an alteration of personal subjective emotional reactivity to 
stress, in order to improve resilience and coping strategies.  

Summarizing, individuals with 22q11DS might experience an emotional or sensory 
overload, possibly resulting in, or resulting from, an oversensitive HPA-axis and aberrant 
stress reactivity. Our results indicate a mismatch between stressful events and the 
emotional and the (previously found) biological29 response to (minor) stressful daily 
activities. Minor daily life challenges (or unexpected events) may be experienced as 
more stressful and the general appraisal of daily life experiences could be more 
negative, potentially associated to the high levels of mood disorders, psychotic disorder, 
chronic stress and anxiety in (children with) 22q11DS6,55,88,89.  

Strengths, limitations and future directions 

This is the first study investigating emotional reactivity to daily life experiences in a 
unique group of adults with 22q11DS, using ESM22. The well-established method of ESM 
takes daily fluctuations of mood into account since it measures mood and context at 
random moments within a period of several days20,22. The final mean score of a 
participant is thus believed to be a reliable representation of general mood levels. 
Furthermore, 22q11DS is a unique patient group with a well-defined genetic syndrome, 
exhibiting multisystem problems and a high risk for psychiatric disorders which make 
the findings in our study interesting for the broader investigation of mediating factors 
of psychiatric disorders4,90.  

The present study should be viewed in light of some methodological considerations. 
First of all, although the ESM method allows for high validity assessment of real world 
daily life experiences and activities, it relies on subjective self-reports by the 
participants. The interpretation of questions may therefore differ between individuals 
and groups. In addition, it should be taken into consideration that when interpreting the 
data, negative mood can also have influenced the subjective appraisal of the 
environment and potentially make the experience of an activity or event more stressful.  

Secondly, although ESM has been validated in multiple studies20,22, to our knowledge 
it has never been used to study emotional reactivity to stress in 22q11DS. The relatively 
high number of 22q11DS participants (n=4) that had to be deleted from the final 
analyses, based on the generally accepted exclusion criteria (at least one-third of the 
emitted beeps)20 and the significant lower number of beeps filled out by the 22q11DS 
group (Table 2), could suggest that the ESM assessment method in its current form is 
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too challenging for this patient group. However, to account for the possible effect of the 
cognitive impairments often seen in 22q11DS43,90, we took extra care in explaining and 
practicing the PsyMate™ protocol. Previous studies using ESM additionally 
demonstrated the feasibility, validity, and reliability of this method in vulnerable 
populations, including psychiatric patients20–23. Future research should nevertheless 
consider this point in the design of the protocol. 

Furthermore, although the activity stress item has previously been used in 
comparable studies15,91, it is important to realize that “activity stress” is defined using 
only two questions of the PsyMate™, possibly not reliably representing all categories of 
activity-related daily stressors. Adding additional questions, for instance about current 
psychical (stress-related) experiences to operationalize “activity stress”, could 
potentially optimize this item in future research. 

Finally, it should be considered when interpreting the results, that the 22q11DS sample 
consisted of a heterogeneous profile, including several individuals who used psychoactive 
medication and with one or more psychiatric diagnosis. However, the majority consisted 
of relatively well-functioning individuals, and post-hoc analyses showed that the main 
conclusions remained significant when 22q11DS individuals who used psychoactive 
medication and/or with a psychiatric diagnosis were excluded from the analyses.  

Conclusion 

These results indicate that adults with 22q11DS experience more negative affect 
throughout the day and have an aberrant (positive) emotional reactivity to minor 
stressors compared to HCs. Alterations in general mood, emotional reactivity to minor 
stressors and the ability to interact with the environment may be related to abnormal 
HPA-axis functioning and might contribute to the increased risk for psychopathology, 
including mood and anxiety disorders in 22q11DS.  
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Discussion 

In this thesis we aimed to investigate several risk endophenotypes for developing mental 
disorders, specifically focusing on the neurobiology of reward, stress, and information 
processing using the 22q11.2 deletion syndrome (22q11DS) as a study model. We 
discovered that the increased risk for developing mental disorders in individuals with 
22q11DS might indeed be mediated by specific risk endophenotypes. The findings of this 
thesis have been discussed in the separate chapters. In the following paragraphs the 
results of the different chapters will be combined, and some general suggestions based 
on these findings provided, followed by general considerations and suggestions for 
future research. 

1. Impaired reward processing and striatal dopamine functioning in adults with 
22q11DS  

There has been increasing interest in understanding the neurobiology underlying 
negative symptoms, such as anhedonia (reduced ability to experience pleasure), not in 
the last place due to the lack of suitable treatment possibilities and the impact of these 
symptoms on daily life functioning1, including work, education, and overall quality of 
life. Although several studies, including those in 22q11DS2, have highlighted the 
importance of research into negative symptoms, the neurobiology underlying negative 
symptoms is still largely unknown. Negative symptoms, also referred to as motivational 
deficits, are associated with attenuated reward-related signals in several brain regions, 
like the striatum1,3. Commonly-used paradigms to assess the neural correlates of reward 
processing include (at least) one of three interrelated domains: liking (experience of 
pleasure), wanting (anticipation of pleasure) and learning (stimulus-response learning 
between a cue and a reward, reinforcement learning)4. Previous work has revealed that 
especially reduced anticipatory pleasure5 and impaired reinforcement learning (RL)6 are 
associated with negative symptom severity, mostly in the context of a psychotic 
disorder. Individuals with a psychotic disorder are suggested to have an intact hedonic 
capacity (experience of pleasure)7, however they are thought to have deficits in 
anticipatory pleasure and RL5. Dysfunction in the reward network of the brain, including 
the prefrontal cortex (PFC), anterior cingulate cortex, insula, hippocampus, thalamus, 
striatum, and ventral tegmental area, and likely mediated by dopamine4, is believed to 
be related to negative symptoms8.  

Individuals with 22q11DS have also been reported to experience anhedonia and 
have an increased risk for psychosis and mood- and anxiety disorders, which may be 
related to motivational or reward-related impairments and dopamine (DA) 
dysfunction2,9,10. There is growing evidence for dysfunctional reward processing in 
22q11DS, specifically reduced reward anticipation which is associated with negative and 
positive (psychotic) symptom severity9. In line with this work we discovered attenuated 
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reward-related brain activity and impaired RL in adults with 22q11DS (chapters 1 and 
2). Specifically, in individuals with 22q11DS a fronto-temporal neural network was 
engaged during reward processing, and brain activation was reduced in the cingulate 
gyrus and medial frontal brain regions compared to controls (chapter 1). These changes 
in the neural correlates of reward processing were similar to altered reward neural 
network activity in (siblings of) individuals with a psychotic disorder during anticipation 
of reward, such as reduced cingulate gyrus activity11 and fronto-striatal dysfunction12. 
Similarities in neural reward processing deficits between psychotic disorder and those 
with 22q11DS fit well with the observations of increased risk for developing psychosis 
and the high rate of negative symptoms in 22q11DS10,13.  

Changes in the neural correlates of reward processing in 22q11DS (chapters 1 and 
2) may be explained by the 1) anatomical/structural abnormalities 2) striatal DA 
dysfunctioning related to impairments in reward14,15 and/or 3) Catechol-O-
methyltransferase (COMT) haplo-insufficiency in 22q11DS16. Studies investigating brain 
morphometry in 22q11DS found grey matter reductions in fronto-temporal brain 
regions17 and similarities with findings in non-22q11DS psychotic disorder, including 
hippocampal volume reductions18. These regions are all implicated in the reward 
network and could thus be related to the impaired reward processing in adults with 
22q11DS (chapters 1 and 2).  

The core negative symptom, anhedonia, is suggested to be caused by aberrant 
striatal DA function during reward anticipation5. In line with these findings we suggested 
that abnormal striatal reward-related DA release could possibly underlie the 
(behavioural) findings of aberrant anticipatory reward (chapter 1) and impaired RL 
(chapter 2) found in 22q11DS. Indeed, our results in chapter 2 show that impaired RL in 
22q11DS is potentially associated with abnormal striatal DA release. Specifically, in 
healthy controls (HCs), striatal DA release was positively associated with RL-task 
performance, whereas this association was absent in the 22q11DS group. This finding is 
interesting in light of DA’s role in salience attribution19,20. Dysfunctional striatal DA 
release has previously also been reported in psychotic disorder21 and might therefore 
possibly be related to the increased risk to develop psychosis in 22q11DS13.  

In line with the majority of findings in drug-naive patients with a psychotic disorder22 
and a previous single photon emission computed tomography (SPECT) study in 
22q11DS23 no differences in post-synaptic DA D2/3R availability in 22q11DS compared to 
HCs (chapter 2) were observed. A recent positron emission tomography (PET) study24 
found higher striatal pre-synaptic binding in dopaminergic neurons in 22q11DS 
compared to HCs (showing higher vesicle monoamine transporter (VMAT2) binding 
using [11C]Dihydrotetrabenazine as a tracer). There is now meta-analytical evidence that 
pre-synaptic, rather than post-synaptic, striatal DA dysfunction is most consistently 
present in individuals with a psychotic disorder22. More specifically, a higher DA 
synthesis is consistently found in psychotic subjects who respond well to first-line 
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antipsychotics25. Future studies in 22q11DS may therefore wish to investigate striatal 
pre-synaptic dopaminergic function.  

Baseline striatal D2/3 receptor binding potential (D2/3R BPND) measured with 
[18F]fallypride is determined by different factors: receptor density, the affinity of these 
receptors for the radiotracer, and endogenous DA concentration in the synaptic cleft26. 
The absence of group differences in our study could therefore, for instance, be caused 
by decreased phasic DA release or downregulation of post-synaptic D2/3R27, the latter 
the result of adaptation of postsynaptic DA receptors to the suggested higher DA 
synthesis and synaptic DA availability in 22q11DS24,28. Moreover, it has been proposed 
that COMT haploinsufficiency29,30 can result in disruptions of tonic and phasic cortico-
striatal DA release31–34 in 22q11DS. Reward prediction errors are thought to be encoded 
by phasic DA bursts that originate from the midbrain. Thus, increased levels of tonic DA 
could potentially drown out the phasic DA bursts35 and decreased phasic release might 
be the mechanism linked to abnormal RL in 22q11DS (chapter 2). COMT haplo-
insufficiency may therefore play an important role in impaired RL and reward processing 
in 22q11DS. 

2. Information processing and aberrant frontal dopamine functioning in adults with 
22q11DS 

The DA system plays an important role in (sensory) information processing mechanisms 
such as sensory or sensorimotor gating, which can be indexed of validated measures 
including prepulse inhibition (PPI) of acoustic startle reactivity36,37. Altered frontal DA 
functioning could result in aberrant processing of (sensory) information which by itself 
can contribute to the occurrence of mental disorders such as psychotic disorders38,39.  

In chapters 3 and 4 we found abnormalities in the neurobiology underlying (sensory) 
information processing and frontal DA function in 22q11DS. Impaired information 
processing and frontal DAergic dysfunction might therefore be related to the increased 
risk for psychopathology including cognitive impairments and psychotic disorders in 
22q11DS13. Specifically, we found lower frontal dopamine D2/3R BPND, potentially 
indicating a D2/3R downregulation (or lower expression of D2/3R) due to higher 
extracellular frontal DA in 22q11DS compared to controls (chapter 3). Moreover, a 
greater effect of the COMT Met genotype in 22q11DS individuals with hyperprolinemia 
was found on startle reactivity (SR) (chapter 4), which has also been previously 
suggested to be related to frontal DA processing36,37.  

Effects of proline (dehydrogenase) oxidase 1 (PRODH) and COMT Met genotype - 
both associated with increased risk of psychotic disorders40 and part of the deleted 
region in 22q11DS - on PPI of the acoustic startle response36,37 were investigated in 
chapter 4. Reduced PPI is often suggested as an endophenotype related to psychotic 
disorders and is thought to involve frontal DA dysfunction39,41. Variations in the PRODH 
gene have been associated with attenuated PPI42, increased risk for psychotic disorder40 
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and are suggested to be linked to severity of psychotic symptoms in 22q11DS43. Previous 
studies hypothesized44 that high proline levels could increase PFC DA release indirectly 
via glutamate neurotransmission, thereby linking proline to COMT genotype due to its 
influence on frontal DA clearance45 in 22q11DS. In accordance with this suggestion we 
revealed an interaction between hyperprolinemia and the COMT Met-allele as a risk for 
lower SR (chapter 4), which is defined as the amplitude of the startle response after a 
noise burst. Since individuals with hyperprolinemia are thought to have increased PFC 
DA, our results may indicate that the COMT Met genotype might have a greater effect 
in individuals with hyperprolinemia. Due to the decreased breakdown of frontal DA in 
Met-allele carriers this genotype can result in even higher levels of PFC DA in individuals 
with hyperprolinemia.  

Previous studies in PRODH deficient mice (resulting in increased proline levels) 
showed that brain function was especially disturbed when the COMT gene was 
inhibited, which is somewhat similar to the effect of the COMT Met-allele46 (associated 
with reduced enzymatic activity). Reduced SR has additionally been related to negative 
symptom severity47,48. Thus, decreased SR in 22q11DS individuals with hyperprolinemia 
and the COMT Met-allele could be regarded as a risk endophenotype for psychotic 
disorder in general and negative symptoms specifically47,48. This might be associated 
with a frontal hyperdopaminergic state in 22q11DS suggested in chapter 3, potentially 
causing impairments in normal information processing (of the acoustic startle response) 
in cortical regions. Our PPI findings could also be linked to impaired stress reactivity 
found in 22q11DS (chapters 5 and 6), since deficits in sensory (motor) gating and PPI 
have been suggested to be related to clinical features of post-traumatic stress disorder 
(PTSD)49,50. While PTSD is associated with reduced cortisol levels51,52, it is also related to 
greater startle responses, potentially reflecting a sensitization of the fear/alarm 
response created by stress51,52. Attenuated function of the hypothalamic-pituitary-
adrenal axis (HPA-axis) in 22q11DS, further discussed in the next section of this chapter, 
could potentially also influence sensory information processing in 22q11DS. 

How do the results presented in chapters 3 and 4 fit in with frameworks of cortical 
DA function? It is thought that the relationship between DA and cognitive performance 
follows an inverted U-curve53, with performance being optimal at intermediate levels of 
frontal DA, whereas too little or too much frontal DA is related to impaired cognitive 
functioning. A hyperdopaminergic state in 22q11DS (chapter 3) could therefore impair 
normal responses of frontal brain networks implicated in cognitive functioning. This is 
confirmed by findings in this thesis showing impairments in specific cognitive domains 
relying on frontal DA including reward processing (chapters 1 and 2) and information 
processing (chapter 4).  

Abnormal frontal DA levels could furthermore be related to the increased risk for 
developing psychotic disorders in 22q11DS. Cognitive impairments are consistently 
observed in psychotic disorders54,55 and are found to be associated with frontal cortical 
DA dysfunction. Although a frontal hypodopaminergic state is proposed to be related to 
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(especially cognitive symptoms of) non-deleted psychotic disorders56,57, we interpret our 
results as a frontal hyperdopaminergic state in 22q11DS (chapter 3). Our results may 
thus fit in the inverted-U model where both excessively high and low levels of DA 
functioning may be associated with cognitive impairments. Importantly, our PET results 
were obtained from a sample of non-psychotic 22q11DS individuals, hence do not 
exclude the possibility that the nature of frontal DA dysfunction (hyper- or 
hypodopaminergic state) may be dependent on the presence of psychotic symptoms. 
Previous research additionally showed differences in DAergic markers in 22q11DS 
compared to individuals at ultra-high risk (UHR) for psychosis58, indicating that 
disturbances in the DAergic system in the pathway to psychosis may be different in the 
22q11DS population. The formal comparison of psychotic and non-psychotic 22q11DS 
individuals could provide further insights into this notion. 

Frontal DA alterations in 22q11DS could furthermore contribute to the increased risk 
to neurodevelopmental disorders including attention deficit hyperactivity disorder 
(ADHD)59–62 and a hyperdopaminergic state has recently also been proposed to precede 
the onset of DA denervation24. It is suggested that the 22q11.2 deletion could perhaps 
induce neurodevelopmental impairments, including reduced pruning of DA neurons in 
the fronto-striatal network24. A chronic increase in frontal and striatal extracellular DA 
levels could have a toxic effect and could possibly lead to DA denervation which is, 
amongst others, implicated in Parkinson’s disease (PD)24,63,64, primarily in striatal 
regions. Several studies show that 22q11DS can indeed be linked to increased risk for 
the development of early onset PD64–66, further suggesting abnormal dopaminergic 
neurotransmission in 22q11DS. Interestingly, one of the hypotheses for underlying 
mechanisms causing PD is DA (auto)cytotoxicity and dysfunction of DA homeostasis67, 
which would fit with our results regarding frontal DA function in 22q11DS as well.  

Concluding, the hyperdopaminergic state in 22q11DS (suggested in chapter 3), 
potentially the result of COMT haploinsufficiency68,69, might be related to the increased 
risk for psychotic disorders, developmental impairments and/or cognitive deficits that 
are often present in this patient group13,70,71.  

3. Dysfunctional stress processing and abnormal cortisol levels in adults with 22q11DS  

One of the most common environmental factors associated with increased risk for 
mental disorders in vulnerable individuals is (chronic) (early life) stress72,73. There is 
consistent evidence that increased stress sensitivity is one mechanism that increases the 
risk for developing psychiatric symptoms in this group74,75. Not only the amount of 
experienced stress predicts risk for psychopathology but also the appraisal of a stressor 
and potential coping mechanisms to deal with the negatively appraised stress may be 
involved in the increased risk for mental disorders74,76. Thus, greater susceptibility to 
stress and anxiety combined with poor coping skills may significantly increase the risk 
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for developing psychiatric symptoms besides the (proposed similar or even lower) 
amount of stressful (life) events in individuals with 22q11DS77,78.  

Alterations in emotional stress reactivity and cortisol levels76,79,80 have been linked 
to a wide range of psychiatric symptoms including mood symptoms and psychosis81. 
Additionally, frontal and striatal DA dysfunction, associated with psychotic disorder22,82, 
have been shown to be important for the stress response83. Our findings of attenuated 
cortisol levels (chapter 5), abnormal emotional reactivity to stress (chapter 6) and 
aberrant DA functioning (chapters 2 and 3) could therefore indicate abnormalities in 
stress processing in 22q11DS, potentially related to the high rates of perceived chronic 
stress and mental disorders in this group77. 

Lower cortisol levels (hypocortisolism) and attenuated cortisol reactivity to stress in 
22q11DS (chapter 5), could potentially be induced by hyperactivity of the HPA-axis84 , 
also observed in PTSD51, chronic fatigue85,86 and burn out syndrome87 and are believed 
to be related to long-term chronic stress84. This allostatic-load-induced hypocortisolism 
in 22q11DS could therefore possibly be caused by the long-term effect of day-to-day 
stressfull88 challenges associated with the syndrome and related to the high prevalence 
of clinical symptoms of anxiety, increased stress sensitivity, fatigue and emotional 
irritability associated with 22q11DS61,77,89. 

In chapter 6 we found aberrant emotional reactivity to stress, indicating that besides 
the biological stress response (chapter 5) also the psychological reaction - the appraisal 
of a stressor - is abnormal in 22q11DS. Participants with 22q11DS showed a lower 
positive affect reactivity to stressful events indicating an inability to adequately respond 
with decreasing positive emotions to increasing external stressors60–62,77. 

In addition, individuals with 22q11DS reported higher overall negative affect, 
consistent with the high rates of negative symptoms reported in 22q11DS2,90 and our 
findings of impaired reward processing in 22q11DS (chapters 1 and 2). The latter is a key 
component of motivational deficits or negative symptoms and is strongly associated 
with day-to-day functioning including the ability to deal with stress10. This observation 
is in line with our findings of impaired stress reactivity in 22q11DS (chapters 5 and 6). 

Altered stress processing in 22q11DS (chapters 5 and 6) may be explained by 
haploinsufficiency for some of the 50 genes in the deleted region of 22q11DS. This is 
consistent with results obtained in twin studies where genetic factors have been found 
to account significantly for variation in HPA-axis function while the influence of the 
shared environment is suggested to be only modest91. The amount of environmental 
triggers in the daily life of individuals with 22q11DS might therefore potentially be only 
of minor influence to their abberant stress reactivity. Their biological make-up is likely 
to have a larger effect on their HPA-axis function and subsequent ability to deal with 
external stressors. This suggestion is in line with the observation that adults with 
22q11DS did not report higher amounts of stress (chapter 6) (operationalized as the sum 
of the answer to the questions “I like doing this activity” (reversed) and “this activity is 
difficult for me”). 
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PRODH haploinsufficiency, thought to affect glutamate levels and potentially NMDA 
receptor functioning92, could impact the ability to adequately respond to stressors in 
22q11DS. Glutamate and the N-methyl-D-aspartate (NMDA) receptor are both 
implicated in a wide range of mental disorders93 potentially due to their role in the 
regulation of the HPA-axis94 (corticotropin-releasing hormone (CRF) release94), 
neuroplasticity (growth and survival of brain cells) and memory formation of stressfull 
events in the PFC and hippocampus93.  

COMT haploinsufficiency in 22q11DS could also influence stress reactivity due to the 
effect that COMT has on noradrenaline and DA breakdown, primarily under challenging 
conditions such as stress95 in particular in the hypothalamus and PFC96. Psychological 
stress is suggested to increase DAergic activity in the medial PFC83. Chronic stress has 
also been found to be associated to increased extracellular PFC DA in rats97 and to PFC 
DAergic dysfunction in mice98. Therefore, the hyperdopaminergic state in 22q11DS 
(chapter 3), potentially a result of COMT hemizygosity, is likely to be associated to the 
impairments in stress processing found in 22q11DS (chapters 5 and 6).  

Moreover, the COMT Val158Met genotype is found to influence cortisol levels99, 
sensitivity to (early life) stressful events on cortisol reactivity100 and subjective feelings 
of stress101. Abnormal stress sensitivity is, in turn, associated with psychotic 
symptoms102,103. Aberrant stress reactivity could therefore likely be related to increased 
risk for psychopathology in 22q11DS due to COMT hemizygosity.  

Altered reward processing in fronto-striatal regions has additionally been observed 
in patients who experience long-term stress, with PTSD, showing a reduced salience 
attribution (motivation) to positive outcome (reward), potentially resulting from chronic 
(traumatic) stress104. Interestingly, this mechanism in PTSD could also be present in 
22q11DS, where aberrant stress processing (chapters 5 and 6) could potentially alter 
reward processing (chapters 1 and 2) in 22q11DS via the effect of COMT haplo-
insufficiency on cortisol, DA and noradrenaline. 

Gene x environmental interactions during development and potential epigenetic 
programming are suggested to be responsible for attenuated reactivity of the HPA-axis 
in PTSD105. The same could hold for the 22q11DS group with a major role for genetic 
factors over environmental factors91. Environmental triggers that are usually minor 
could more easily trigger a stress response in 22q11DS77 potentially due to higher 
baseline HPA axis function. We can thus speculate that the 22q11.2 deletion increases 
the risk for development of mental disorders by altering (emotional and cortisol) 
reactivity to stress74,75.  

4. Concluding thoughts: Impaired developmental trajectories and combined effects of 
neurobiological mechanisms in 22q11DS 

Recent findings of a longitudinal study following typically developing children into 
adolescence showed that “short-term” physiological symptoms in children were 
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associated with hypercortisolism whereas chronic worry and social concerns predicted 
hypocortisolism 3 years later106. These results are indicative of an impaired cortisol 
developmental trajectory as a result of chronic perceived stress. A comparable deficit in 
this developmental trajectory could be present in 22q11DS since previous studies found 
increased cortisol levels in children with 22q11DS107,108, whereas we found lower cortisol 
levels in adults with 22q11DS compared to HCs (chapter 5). This apparent discrepancy 
might be explained by a similar biological mechanism as proposed for PTSD, where 
chronically elevated cortisol levels (similarly found in children with 22q11DS) are 
suggested to result in overactive negative feedback of cortisol on HPA-axis functioning, 
possibly leading to hypocortisolism51.  

A similar developmental trajectory has been found for DA function in 22q11DS. We 
suggested a frontal hyperdopaminergic state in both adolescents and (young) adults 
with 22q11DS (chapter 3) whereas later in life these individuals suffer from an increased 
risk for developing early-onset PD, associated with striatal hypodopaminergia66. PD is 
additionally associated with disrupted cortisol regulation109, and, concerning DA 
functioning, to catecholamine autotoxicity (i.e. cytotoxicity)67,110. 

These findings indicate over-activation, sensitization or even exhaustion of the 
catecholamine and endocrine systems caused by a 22q11.2 deletion, eventually 
potentially leading to some sort of toxicity resulting in downregulation of the involved 
systems. We propose 22q11DS to be a developmental syndrome that can severely 
disrupt neurotransmission in the catecholaminergic and endocrine systems over time. 
Impairments in the DA and cortisol systems may be important factors associated with 
increased risk for mental disorders in individuals with 22q11DS. 

We can furthermore speculate about the potential relations between the different 
neurobiological mechanisms of cortisol, DA, stress and reward. In chapters 1, 2 and 4 we 
showed an effect on reward- and information processing of COMT and PRODH genotype 
located in the deleted region of 22q11DS. COMT and PRODH genotypes are thought to 
(indirectly) influence both DA28 and cortisol functioning and are therefore believed to be 
key factors in the pathway from risk genotype (the 22q11.2 deletion) to phenotype (e.g. 
psychotic disorder)77, possibly via their influence on risk endophenotypes described in 
this thesis. In combination with our findings of impaired reward and stress processing in 
22q11DS in chapters 1, 2, 5 and 6, the neurobiological mechanisms underlying the results 
of chapters 3, 4 and 5 indicate that there might be an association between 1) the genetic 
risk of a 22q11.2 deletion - including the functionally associated PRODH and COMT genes 
-, 2) the neurobiological mechanisms of aberrant DA and cortisol levels in 22q11DS, 3) 
the endophenotype of impaired reward and stress processing, and, lastly, 4) the high 
clinical risk for psychopathology in 22q11DS.  

One mechanism that would be in line with this speculation is variation in DA 
degradation capacity (decreased in 22q11DS due to COMT hemizygosity68), which 
potentially causes increased DA levels (chapter 3). A hyperdopaminergic state combined 
with increased stress reactivity (chapter 6) and increased cortisol levels in children with 
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22q11DS107,108 may lead to the following vicious cycle: in individuals with 22q11DS, a 
frontal hyperdopaminergic state (chapter 3) potentially causing increased tonic and 
decreased phasic DA release (in the striatum)111, could enable an aberrant response of 
the brain in the form of abnormal reward reactivity (chapters 1 and 2) and impaired RL 
(chapter 2). On top of this, a frontal hyperdopaminergic state (chapter 3) and aberrant 
cortisol levels107,108 could result in abnormal sensitivity to stress (chapters 5 and 6) 
causing an increased DA response every time an additional stressor is experienced83 (i.e. 
sensitization), which may ultimately lead to hypocortisolism (chapter 5) and aberrant 
salience attribution20, potentially one cause of increased risk for psychopathology in 
22q11DS13,59,112.  

5. Considerations and future directions 

Although the methodological considerations of the work in this thesis have been discussed 
in the separate chapters, there are some overall limitations that should be considered for 
future research, which will be addressed in the following paragraphs. Moreover, while in 
this thesis we consistently demonstrated impairments in reward, stress and to some 
degree also information processing in 22q11DS, there is still much to be discovered. Some 
general suggestions for future directions will therefore additionally be outlined.  

Firstly, our study samples were relatively small, especially for the investigation of the 
effect of different polymorphisms in chapters 1, 2 and 4. However, in light of the 
challenge of recruitment of (medication free) subjects with 22q11DS and the higher 
impact of polymorphisms in 22q11DS because one copy of the gene is missing, the 
(preliminary) analysis and our sample size could be considered acceptable. Moreover, 
the majority of participants consisted only of relatively well functioning individuals with 
22q11DS, with the majority having no psychotic symptoms or only minor 
psychopathology, making our sample less representative for the general 22q11DS 
population. It was therefore difficult to study the possible relationships between 
psychopathology and the different endophenotypes. However, it might not be desirable 
to include 22q11DS subjects with more severe psychopathology (psychotic symptoms) 
as these individuals are more likely to use (antipsychotic) medication that might affect 
cortisol and DA function113–117. Behavioral studies in 22q11DS individuals with mental 
disorders (e.g. psychotic disorders) could perhaps be used to study the relationship 
between functional domains relying on, amongst others, frontal-striatal DA function, 
(e.g. reward processing) and the association with (psychotic) symptoms. Investigation of 
cognitive abilities of adults with 22q11DS, using cognitive test batteries like the 
Cambridge Neuropsychological Test Automated battery (CANTAB) would be desirable, 
which has already been used to study cognitive abilities of children with 22q11DS118. 

Secondly, we can only speculate about the underlying mechanisms involved in PET 
chapters 2 and 3 and future research is necessary to better understand the relation 
between DA abnormalities and the clinical phenotype related to reward and information 
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processing in 22q11DS. Especially since our DA release outcome measure (gamma (“y”)) 
only reflects the summary of task-induced DA events and we cannot distinguish between 
receptor density, the affinity of these receptors for [18F]fallypride and DA concentrations 
in the synaptic cleft119,120. Post mortem studies, preferably combined with clinical data 
from the individual, could ultimately show underlying neurochemical differences, 
however this remains an extremely rare resource. Post-mortem research has been 
proposed by previous studies too24 and will be interesting to further explore the 
neurobiology underlying the clinical phenotype and psychopathology in 22q11DS.  

Thirdly, stress-induced cortisol increases are thought to be measurable within 5 to 
20 minutes after the onset of psychological or physiological stressors121,122. It is 
therefore unlikely that all cortisol stress responses were captured in the experience 
sampling method (ESM) study described in chapter 5. Also, the validity of the activity-
related stress item as operationalized in our ESM protocols of chapters 5 and 6, could 
be questioned. The items may not be optimal to measure short-lived daily stress 
moments as the ESM sampling protocol fails to capture these short stress moments in 
between assessment periods. In light of the novelty of our ESM studies in 22q11DS, our 
results should be interpreted as a valuable first step. Future research should further 
investigate potentially more optimal methods for the study of stress reactivity, including 
for instance questionnaires in the ESM protocol more specifically related to (stressful) 
events in between assessment moments.  

Furthermore, related to our speculations about possible developmental 
impairments in cortisol and DA function, a longitudinal study and the investigation of 
different age groups would be valuable, also in light of the recent novel findings of 
increased risk for PD in adults with 22q11DS64,66. Disrupted cortisol and DA regulation 
can additionally result in a fundamental pathology in the molecular clock underlying 
circadian rhythms in early onset PD109, and sleep has been proposed to potentially 
mediate stress reactivity and psychophatology123. Future studies in 22q11DS will 
therefore be interesting to investigate the association between sleep quality and stress 
reactivity in 22q11DS. 

It would be interesting to further explore gene x environment interactions via 
epigenetic mechanisms124–126. Our results clearly show the presence of endophenotypes 
for mental disorders in 22q11DS, however it remains unknown how the exact relation 
between genetic risk and specific environmental triggers relate to the increased risk for 
mental disorders in 22q11DS. Therefore, the investigation of epigenetic modifications 
could be interesting, to show for instance DNA methylation profiles or chromatin 
structure differences (potentially causing altered gene expression) between 22q11DS 
individuals with and without psychopathology124–126. Additionally, it would be 
interesting to combine this with longitudinal studies measuring epigenetic modifications 
at different time points of development, potentially relating epigenetic changes to 
changes in environmental exposures. 
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Finally, besides polymorphisms as genetic risk factors, the investigation of haplotypes 
(of several SNP’s) or variable number tandem repeat (VNTR)’s could shed light on the 
specific interaction between genetic factors and the 22q11DS clinical phenotype. These 
approaches have previously been used in the investigation of genetic risk factors for mental 
disorders42,127, also in 22q11DS16. Research in copy number variants (CNVs) other than 
22q11DS, like the 22q11.2 Duplication syndrome (22q11Dup)128, would also be valuable to 
further investigate the relation between risk genotype (deletion or duplication) and 
endophenotypes for mental disorders. 22q11Dup has previously been suggested to protect 
against psychotic disorder129 whereas other findings did not support this130, underlining the 
need for clarification and further investigation of 22q11.2 CNV’s in relation to 
psychopathology. Moreover, a recent study of the International 22q11DS Brain and 
Behavior Consortium (IBBC) showed that 22q11DS individuals with a psychotic disorder had 
significantly elevated levels of genome-wide rare CNV’s, implicated in known psychotic 
disorder risk genes compared to 22q11DS individuals without psychotic disorders131.  

The results of this thesis strengthen the suggestion for further investigation of CNV’s 
and the role of genomic variation in the development of mental disorders, which might 
also have clinical relevance124,132.  
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“Man’s main concern is not to gain pleasure or avoid pain but rather to see a 
meaning in his life” Viktor Frankl 
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Summary  

The results of the studies presented in this thesis all contribute to more insight into 
neurobiological factors underlying mental disorders. The most common known genetic 
deletion syndrome associated with increased risk for mental disorders across the life 
span was investigated: the 22q11.2 deletion syndrome (22q11DS). An interdisciplinary 
approach was used to explore genetic factors, endophenotypes and environmental 
factors contributing to the increased risk for mental disorders, with a focus on psychotic 
disorder because of the 20-30-fold increased risk patients with 22q11DS have. A 
summary of the main findings is provided below.  

Main summary 

In chapters 1 and 2 we investigated reward processing in 22q11DS as an endophenotype 
related to motivational deficits as part of the negative symptoms of psychotic disorder1. 
Interestingly, the clinical pattern of psychosis in 22q11DS is also predominantly 
characterized by negative symptoms2–4. In chapter 1 functional magnetic resonance 
imaging (fMRI) was used to show in a group of 16 adult individuals with 22q11DS, that 
they engage a fronto-temporal neural network during reward processing, investigated 
with a monetary incentive delay task. In contrast to the 12 included healthy controls, 
individuals with 22q11DS show reduced medical frontal activity during anticipation of 
reward. The 22q11DS reward anticipation neural network seems therefore different 
from healthy controls 5–10 and similarities are found with the reward anticipation 
network of psychotic disorder1112. The functioning of the 22q11DS reward neural 
network may therefore, similar as in psychotic disorder, be associated to symptoms of 
anhedonia, decreased motivation and lack of reward sensitivity1,13–15 often reported in 
22q11DS. Anatomical abnormalities typically seen in 22q11DS16–20, and catechol-O-
methyltransferase gene (COMT) haploinsufficiency, could be some of the underlying 
biological risk factors explaining aberrant reward functioning in 22q11DS. We found that 
COMT genotype has an effect on the responsivity of the reward neural network in 
22q11DS during anticipation of reward and loss. The COMT gene is responsible for 
dopamine (DA) break-down, primarily in frontal brain regions. COMT haplo-insufficiency 
is therefore suggested to result in abnormal DA levels21–23. 

In chapter 2 we strengthened the previous evidence of impaired reward processing 
in 22q11DS by showing additional impairments in the learning mechanism related to 
reward. In 12 non-psychotic adults with 22q11DS compared to 16 healthy controls, a 
dopamine D2/3 receptor [18F]fallypride positron emission tomography (PET) scan was 
acquired during performance of a probabilistic stimulus selection task, designed to 
investigate reinforcement learning (RL) including monetary and social feedback24,25. The 
22q11DS adults performed worse on this RL task compared to controls. Impaired RL in 
22q11DS may be underlain by an abnormal association with reward-induced striatal DA 
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release. In line with other research we found a positive relation between striatal DA 
release and RL task performance in healthy controls26–31. However, no such relation was 
found in 22q11DS subjects. This could potentially indicate a decoupling between the 
response of the brain to the environment, strengthened by our behavioural results 
showing worse RL performance. This is in line with studies in individuals with psychotic 
disorder, suffering from a “blunted” neuronal response to reward indicating cues and 
impaired RL, associated with negative symptoms29,32,33. Impaired RL and task-induced 
DA release in 22q11DS could therefore possibly be associated with their increased risk 
to develop (negative) symptoms of psychosis2–4. Consistent with results in healthy 
controls34,35, and our expectations given that COMT Met genotype leads to reduced DA 
breakdown21–23, we also found that Met hemizygotes showed significantly higher striatal 
(caudate nucleus) reward-induced DA release compared to Val hemizygotes. These 
results might have implications for understanding the relation between COMT activity, 
striatal DA release, reward processing and mental disorders in 22q11DS and in general. 
It shows that the exploration of brain reward processing as an endophenotype and the 
possible effect of genotype in 22q11DS is useful for our broader understanding of 
mental disorders.  

In chapter 3 we described the first study investigating frontal DA in 14 non-psychotic 
high functioning adults with 22q11DS, party overlapping the method and sample of 
chapter 2. We were the first to demonstrate lower frontal dopamine D2/3 receptor 
binding, which may represent a frontal hyperdopaminergic state in adults with 22q11DS. 
The suggested hyperdopaminergic state could be related to their increased risk for 
developing impairments related to cognition36–39 and psychotic disorder in 22q11DS4,40, 
due to the crucial role for frontal DA in these impairments41,4243,4443,45. These findings 
indicate that the 22q11DS deletion influences dopaminergic neurotransmission, 
possibly related to the psychiatric and cognitive clinical phenotype. 

In chapter 4 we characterized the association between genetic variations of two 
genes in the 22q11DS deleted region (proline (dehydrogenase) oxidase 1 (PRODH) & 
COMT) and three specific endophenotypes: proline levels, IQ and sensorimotor gating 
(associated with information processing in frontal brain regions) in adults with 22q11DS 
using pre-pulse inhibition (PPI). We investigated these associations in 45 adults with 
22q11DS. Increased proline levels where present in 35% of the individuals with 
22q11DS. The C allele of the PRODH rs450046 polymorphism variant was additionally 
associated with lower IQ, suggesting this genotype to be a risk variant for low IQ. 
Moreover, a higher effect of COMT Val158Met genotype on startle reactivity (SR) (COMT 
Met carriers show lower SR than Val carriers) was found in individuals with 
hyperprolinemia compared to individuals with normal proline levels. The combination 
of hyperprolinemia and COMT Met allele could therefore, in line with previous studies 
in 22q11DS46,47, be seen as a risk endophenotype for cognitive and psychiatric features 
in 22q11DS. Elevated proline is proposed to negatively affect (frontal) brain function by 
increasing frontal DA46,47. Since COMT Met allele carriers have decreased DA break 
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down, primarily in the frontal cortex, this clarifies why these individuals are especially 
vulnerable to this functional disruption of higher proline levels. These insights show that 
(functional) variants of genes in the 22q11DS deleted region influence endophenotypes 
associated with information processing in frontal (DA) brain function which could 
potentially be related to their high risk for cognitive and psychiatric symptoms. 

In chapters 5 and 6 the first studies on stress reactivity in 22q11DS where described, 
using the diary method of cortisol and experience sampling (ESM). A group of 27 adults 
with 22q11DS assessed their cortisol levels with saliva samples and their daily 
experiences with questionnaires on the Psymate app for ESM during 6 days, with 10 
random beeps per day. Lower cortisol levels were found in adults with 22q11DS, 
indicative of hypocortisolism, as described in chapter 5. We found no difference in 
steepness of the diurnal slope, suggesting that the diurnal rhythm of cortisol, with higher 
levels in the morning and a decline throughout the day is comparable to the diurnal 
slope of healthy controls48. Hypocortisolism was found to exist independent of 
psychiatric diagnosis or medication use. In addition, the cortisol reactivity to daily 
activity related stress was found to be attenuated in 22q11DS compared to healthy 
controls. A blunted cortisol response to activities that are rated high on “difficulty” and 
“liking (reversed)” was found, where healthy controls show a positive relationship (the 
more stressful an activity is rated the higher the cortisol response).  

In line with aberrant cortisol (biological) reactivity to stress, we described in chapter 
6 also an abnormal emotional stress reactivity in 22q11DS. During the day, adults with 
22q11DS show higher mean scores of negative affect compared to healthy controls. 
Positive affect was additionally significantly different associated with activity stress in 
22q11DS compared to healthy controls. Healthy controls report low levels of positive 
affect when they rate a daily experience as highly stressful, whereas adults with 
22q11DS show a blunting of this negative association. The results of chapters 5 and 6 
suggest that, in line with clinical observations, individuals with 22q11DS might 
experience an emotional or sensory overload, resulting in an oversensitive 
hypothalamic-pituitary-adrenocortical (HPA)-axis and aberrant stress reactivity. 
Indicating a mismatch between stressful events and the biological and emotional 
response to these, sometimes minor, stressful daily life activities.  

The overall aim of this thesis was to gain insight in causal factors for mental disorders 
by investigation of genetic factors, endophenotypes and environmental factors in adults 
with 22q11DS (with a high genetic risk for mental disorders), with a focus on psychotic 
disorder. By focusing on the neurobiology of reward, stress and information processing 
in adults with 22q11DS, with a clear genetic makeup of haplo-insufficiency of almost 50 
genes, we could elaborate on the biological processes underlying the development of 
psychopathology.  
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The main findings of the studies in this thesis are again summarized below: 

1. Chapter 1… Individuals with 22q11DS engage a fronto-temporal neural network 
during reward processing. In contrast to healthy controls 22q11DS show reduced 
medial frontal activity during anticipation of reward.  

2. Chapter 1… COMT Val158Met genotype has an effect on the responsivity of the 
reward neural network in 22q11DS during anticipation of reward and loss.  

3. Chapter 2… Adults with 22q11DS show impairments in learning from reward. They 
perform worse on a reinforcement learning (RL) task compared to healthy controls.  

4. Chapter 2… Impaired RL in 22q11DS may be underlain by abnormal reward-related 
striatal DA function and haplo-insufficiency of COMT.  

5. Chapter 2… COMT Met hemizygosity in 22q11DS is associated to higher striatal task-
induced DA release compared to the Val allele.  

6. Chapter 3... Adults with 22q11DS have lower frontal dopamine D2/3 receptor binding, 
which may represent a hyperdopaminergic state in frontal brain areas.  

7. Chapter 4... IQ is significantly associated with PRODH genotype in 22q11DS. The 
rs450046 C-allele carriers show significant lower IQ compared to T-allele carriers.  

8. Chapter 4... There was a significant interaction of COMT Val158Met genotype and 
proline levels on the prepulse inhibition parameter “startle reactivity” (the 
amplitude of the first block of pulse alone trials) in 22q11DS. The genotype effect 
(COMT Met carriers show lower SR than Val carriers) was stronger in 22q11DS 
individuals with hyperprolinemia compared to individuals with normal proline levels.  

9. Chapter 5… Lower overall cortisol levels are present in adults with 22q11DS, 
indicative of hypocortisolism. There is no difference in steepness of the diurnal slope.  

10. Chapter 5... Cortisol reactivity to daily activity related stress is attenuated in 
22q11DS compared to healthy controls.  

11. Chapter 6… Adults with 22q11DS display an overall higher negative affect 
throughout the day compared to healthy controls.  

12. Chapter 6… There is an aberrant emotional stress reactivity in 22q11DS. A blunted 
positive affect is found in relation to activity related stress.   
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 “To understand life is to understand ourselves, and that is both the beginning and 
the end of education.” Jiddu Krishnamurti 
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Valorization 

As a scientist it is important to contribute not only to science, but also to society. This 
entails reflecting on your own work and the possible implications your work may have 
on society as a whole. The ministry of Education, culture and science uses the following 
definition: “valorization is the process of creating value from knowledge by making 
knowledge suitable and/or available for economic and/or societal use and translating 
that knowledge into products, services, processes and/or entrepreneurial activity”1. 
Examples of neuroscientific knowledge finding its way in the field of psychiatry could be 
the development of new medicines, non-pharmacological treatments, diagnostic 
procedures, and guidelines. Valorization is an essential objective of a good scientist. You 
have a responsibility towards society to inspire, share your knowledge and to bridge the 
gap between science and society. There are several ways to achieve this goal. This 
chapter is an attempt to explore potential influences of the work described in this thesis 
on society. Besides writing this chapter, I have been involved in several other activities 
related to valorization in the past four years, as highlighted in my CV and the personal 
portfolio at the end of this thesis. A range of topics are important when discussing the 
potential societal benefit(s) of science in general and the work in this thesis specifically, 
and some major points are addressed below.  

Implications for patients and their families 

A clear societal impact of the research described in this thesis is the potential 
implications for the clinical practice of people with mental disorders in general and with 
the 22q11.2 deletion syndrome (22q11DS) specifically. An important aim when 
investigating clinical populations is to reduce any suffering caused by the disorder and 
to gain insights that can be useful for potential treatment options for patients. 
Knowledge about underlying neurobiological systems related to the psychiatric 
symptoms in 22q11DS and mental disorders in general, can influence decisions by policy 
makers, insurance companies and other professionals in the future as well. 

During the data collection of this PhD project I was fortunate to meet a lot of 
different people with 22q11DS and their families. One place especially made an impact 
on me due to the dedicated care of a family for their son with 22q11DS, encouraging 
them to open a housing facility for people with intellectual disabilities. A housing 
community for people in need of extra care and support in their day-to-day life. During 
one of my home visits I met Lucas (this case is anonymized) who had been living in this 
housing facility already for a number of years. He felt happy and accepted in that 
environment. He participated in my PhD studies because he wanted to contribute to 
more awareness, knowledge and insight into 22q11DS, thereby ultimately helping other 
people suffering from the syndrome.  
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To other people with 22q11DS he wanted to say: “interact with people you can trust, 
who understand you and who care for you”. Another boy with 22q11DS and past 
psychotic episodes also lived at the facility and was eager to participate in my research, 
aiming to help increase the awareness for 22q11DS in society. To other people with 
22q11DS he wanted to say: “accept who you are, don’t demand too much from yourself. 
Listen to your disabilities and don’t care too much about the opinion of others.”  

Besides these two examples, many of the other participants and especially their 
families and peers told us that one of their primary reasons to participate in the research 
was to increase awareness for 22q11DS in society and amongst clinicians. Therefore, we 
hope that also the work described in this thesis will contribute to more awareness for 
22q11DS in society.  

Despite 22q11DS being one of the most common genetic syndromes in the world 
with a prevalence of 1 in 2000 to 4000 births2, it is still highly unknown. Patients and 
their families have to deal with a lot of misunderstanding of 22q11DS in society. This 
was one of the main frustrations and challenges the caretakers, family and patients 
shared with me during my visits in their daily life situations. The general lack of 
awareness of the syndrome sometimes decreased their ability of getting the right 
treatment, support and care they were looking for. When a syndrome and its 
characteristics are unknown, it is harder to be acknowledged, have access to sufficient 
treatment, suitable education, feasible jobs and also to generally feel accepted in 
society. More awareness and acceptance are therefore of great importance to 
improving the quality of life of the patients and their environments. “VG netwerken” 
and “Stichting Steun 22q113” have done a great job in raising more awareness in society, 
with their slogan “unknown leads to misunderstanding”. However, awareness still 
remains a huge challenge and more scientific research and evidence, like described in 
this thesis, is therefore necessary to explain why 22q11DS increases risk for several 
symptoms and why having this syndrome can severely impact your daily life.  

The work described in this thesis is part of the research conducted in the “22q11DS 
international Brain and Behavior Consortium”2 in which scientists from all over the world 
collaborate to gain more insights into mental disorders and cognitive problems related 
to the syndrome. By combining the expertise of different international scientific 
departments, it is expected to better understand why some people (with 22q11DS) do- 
and others do not - develop mental disorders. Our results are believed to add a valuable 
piece to the complex puzzle of causal factors leading to mental disorders, including 
aberrant reward and stress processing in 22q11DS (chapters 1,2,3,5 and 6), which might 
ultimately lead to new treatment methods and an improved quality of life of patients 
and their families.  

The work in this thesis could also have implications for patients without 22q11DS 
with mental disorders including psychotic disorders. To increase prevention and the 
success of treatment, it is useful to improve the understanding of underlying 
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neurobiological mechanisms in 22q11DS, a population at high genetic risk for developing 
psychotic disorders. 

We can speculate about the clinical relevance of the findings in each individual 
chapter of this thesis. Reward and reinforcement learning impairments in 22q11DS, 
described in chapters 1 and 2, could imply a decreased hedonic component of reward 
anticipation and potentially aberrant reward sensitivity. It could be speculated that 
people with 22q11DS need other (more) rewarding stimuli in order to feel motivated, 
compared to people without 22q11DS. This should be taken in to account when 
professionals (deciding about suitable treatment options) and other people in the direct 
living situation (e.g. family, school, work situations) want to create the best possible 
environment for individuals with 22q11DS to flourish. More research is necessary to 
decide what kind of rewarding and motivational incentives would most appropriate and 
important to individuals with 22q11DS. 

The results described in chapter 4 show that pre-pulse inhibition (PPI) is a valuable 
method to investigate specific endophenotypes related to information processing and 
brain functioning in 22q11DS, given the lack of invasiveness. Results of studies using this 
method could potentially be valuable in the clinical settings as well, however more 
research is currently necessary to relate the findings on information processing to 
societal impact for 22q11DS.  

Our findings of both chapters 3 and chapter 5, suggest a frontal hyperdopaminergic 
state and hypocortisolism in adults with 22q11DS, which could have (clinical) 
implications for people with 22q11DS. The results suggest that the 22q11.2 deletion 
could cause over-activation, sensitization or even exhaustion of the catecholamine and 
endocrine systems (e.g. the hypothalamic-pituitary-adrenal-gland (HPA)-axis) 
throughout the developmental trajectories in 22q11DS, which could lead to dysfunction 
of these systems later in life. We therefore propose that 22q11DS should be seen as a 
developmental syndrome that can severely disrupt these systems over time, potentially 
related to the increased risk for mental disorders in individuals with 22q11DS. A 
genetically programmed abnormal dopamine (DA) and stress system could perhaps 
precede psychopathology in 22q11DS. The sensitization of the stress system could for 
example result in different stress reactivity in 22q11DS. Minor daily life challenges (or 
unexpected events) might be experienced more stressful (traumatic), potentially 
associated to the high levels of chronic stress and anxiety in (children with) 22q11DS. 
Our results on altered cortisol functioning add valuable new evidence for the endocrine 
impairments in 22q11DS which should be taken in to account when (new) treatment 
guidelines are designed.  

Our experience sampling results in chapter 6 show that in general adults with 
22q11DS report more negative mood throughout the day, which could have implications 
for guidelines and day-to-day interaction in society. This negative mood could be related 
to the high rates (especially the negative symptoms) of psychotic disorder, anxiety and 
mood disorders reported in 22q11DS4,5. More research is necessary to indicate if a 
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relationship between abnormal stress reactivity and psychiatric symptoms is present in 
22q11DS, as it is in other populations with (a risk of) psychiatric disorders. It is 
additionally interesting to explore clinical intervention possibilities in 22q11DS. These 
interventions could either focus on the reduction of stressful events in the environment 
of people with 22q11DS, or on modifying emotional reactivity to stress, in order to 
improve resilience and coping strategies, for instance using acceptance and 
commitment therapy, or mindfulness-based stress reduction.  

Summarizing, the key points to take away from the results described in this thesis, 
related to treatment possibilities are that:  
• Individuals with 22q11DS might experience an emotional or sensory overload, 

possibly resulting in, or resulting from, an oversensitive HPA-axis, frontal 
hypodopaminergic functioning, aberrant reward sensitivity and aberrant stress 
reactivity.  

• Our results indicate: 
o a mismatch between stressful events, the emotional- and the biological response 

(HPA-axis functioning) to (minor) stressful daily activities.  
o a mismatch between rewarding stimuli and the biological response (reward-

network activation and DA release) to these rewarding events in the environment.  
• Minor daily life challenges (or unexpected events) may be experienced as more 

stressful and the general appraisal of daily life experiences could be more negative 
and/or less rewarding 

• The results in this thesis could potentially be associated to the high levels of mood 
disorders, psychotic disorder, chronic stress and anxiety in 22q11DS and should 
therefore be considered when designing treatment options.  
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“Het lijkt of het regent als altijd, maar het regent, en het regent, zonnestralen” 
Acda & de Munnik 
 
 

  



Nederlandse Samenvatting 

219 

Nederlandse Samenvatting  

De resultaten gepresenteerd in dit proefschrift dragen bij aan meer inzicht in de 
neurobiologische factoren die ten grondslag liggen aan psychiatrische stoornissen. Het 
genetische syndroom dat een van de grootste risico’s vormt voor de ontwikkeling van 
psychiatrische stoornissen werd onderzocht: het 22q11.2 deletiesyndroom (22q11DS). 
Er is gebruik gemaakt van een interdisciplinaire benadering, waarbij zowel genetische 
factoren, endofenotypes (erfelijke biologische/neuropsychologische markers die 
verband houden met symptomen) en omgevingsfactoren zijn onderzocht die bijdragen 
aan een vergroot risico op het ontwikkelen van psychiatrische stoornissen. Er is gekozen 
voor een focus op het ontstaan van psychotische stoornissen, aangezien de kans op het 
ontwikkelen van een psychotische stoornis 20 tot 30 keer verhoogd is in patiënten met 
22q11DS. Eerst zal een algemene introductie van het verrichte onderzoek en de doelen 
worden beschreven, gevolgd door een samenvatting van de belangrijkste bevindingen. 

Algemene samenvatting introductie 

Er zijn verschillende oorzaken voor het ontwikkelen van psychiatrische problemen en 
zowel genetische als omgevingsfactoren spelen hierbij een rol. Mensen met 22q11DS 
missen een stukje erfelijk materiaal op de lange arm van chromosoom 22 en hebben 
een verhoogde kans op het ontwikkelen van psychiatrische problematiek. Kinderen met 
dit syndroom hebben een verhoogde kans op ADHD of autisme. Tijdens de transitie van 
adolescentie naar volwassenheid, is er bij deze groep een verhoogd risico op het 
ontstaan van bijvoorbeeld een depressieve stemming of een psychose.  

In het onderzoek beschreven in dit proefschrift is gekeken naar de neurobiologische 
kenmerken van 22q11DS die een rol kunnen spelen bij het ontstaan van psychiatrische 
problemen, zoals het genetisch materiaal en de werking en opbouw van de hersenen. 
Daarbij is vooral gefocust op psychotische stoornissen omdat mensen met 22q11DS een 
groot risico hierop hebben. Omdat stressgevoeligheid en het reageren op positieve 
ervaringen (beloningsgevoeligheid) een belangrijke rol kunnen spelen bij het 
ontwikkelen van een psychose, onderzochten we dit ook bij mensen met 22q11DS. Het 
onderzoek is onderdeel van het “22q11DS international brain and behavior consortium” 
waarin wetenschappers van over de hele wereld samenwerken om meer inzicht te 
krijgen in de psychiatrische aspecten van 22q11DS.  

Tijdens het onderzoek is er in het speeksel en in bloedmonsters gekeken naar onder 
andere de factoren in het erfelijke materiaal (de genetische variatie) die coderen voor 
de werking en de structuur van de hersenen en naar stoffen die te maken hebben met 
de stressgevoeligheid (o.a. het hormoon cortisol). 

Daarnaast hebben we speciale hersenfoto’s (functionele magnetische resonantie 
imaging (MRI) en positron emissie tomografie (PET) scans) gemaakt met behulp van MRI 
en PET-scanners. Hiermee onderzochten we hoe signaalstoffen (de neurotransmitter 
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dopamine (DA)) die met het beloningsgevoel te maken hebben in het brein werken en 
hoe de hersenen functioneren.  

Om de neurobiologische factoren te koppelen aan gedragskenmerken en 
symptomen onderzochten we o.a. ook de psychiatrische symptomen, intelligentie en 
emotionele- en stress reactiviteit in het dagelijks leven van mensen met 22q11DS. Dit is 
gedaan met onder meer de PsyMate, een methode die is ontwikkeld om de ervaringen 
in het dagelijks leven te onderzoeken met behulp van korte dagelijkse vragenlijstjes die 
betrekking hebben op iemands welbevinden en ervaringen.  

Door dit soort mechanismen te bestuderen hopen we uiteindelijk beter te begrijpen 
waarom sommige mensen wél en andere mensen geen psychiatrische problemen 
ontwikkelen en inzicht te krijgen voor betere behandelmethodes. Uiteindelijk hopen we 
met behulp van het bestuderen van al deze verschillende mechanismen, de 
puzzelstukjes aan elkaar te leggen en het plaatje van de oorzaken van psychiatrische 
problemen completer te maken. Zo hopen we bij te dragen aan nieuwe 
behandelmethodes en in de toekomst de kwaliteit van leven van mensen met 
psychiatrische klachten te verbeteren. 

Algemene samenvatting belangrijkste bevindingen 

In hoofdstuk 1 en 2 hebben we het beloningssysteem in 22q11DS onderzocht. Een 
dysfunctioneel beloningssysteem kan gerelateerd worden aan problemen met motivatie 
(“negatieve symptomen”, zoals anhedonie en affectieve vervlakking), die prominent 
aanwezig kunnen zijn in psychotische stoornissen. Het klinische beeld van een 
psychotische stoornis in 22q11DS wordt ook voornamelijk gekenmerkt door de 
negatieve symptomen.  

In hoofdstuk 1 is met behulp van functionele magnetische resonantie imaging (fMRI) 
in 16 volwassenen met 22q11DS aangetoond dat het frontaal-temporale neuronale 
hersennetwerk wordt geactiveerd tijdens beloningsverwerking. We hebben dit 
onderzocht door middel van een taak waarbij een te verwachten geldbeloning werd 
uitgesteld. In tegenstelling tot de 12 deelnemers in de controlegroep worden individuen 
met 22q11DS gekenmerkt door een verlaagde mediale frontale hersenactiviteit in de 
aanloop naar een beloning (wanneer een beloning wordt verwacht). Deze resultaten 
suggereren dat het hersensysteem betrokken bij beloningsverwachting in volwassenen 
met 22q11DS anders werkt dan dat van de gezonde controlegroep. Het wijst erop dat 
het juist meer gelijkenis vertoont met het systeem van beloningsverwachting in mensen 
met een psychotische stoornis. Dit doet vermoeden dat symptomen zoals anhedonie, 
motivationele problemen en een tekort aan beloningsgevoeligheid bij mensen met 
22q11DS mogelijk in verband staan met veranderingen in het neuronale 
beloningssysteem, zoals ik ook gevonden heb bij mensen met psychotische stoornissen. 
Veelvoorkomende anatomische (structurele) afwijkingen in de hersenen van mensen 
met 22q11DS en de haplo-insufficiëntie van het catechol-O-methyltransferase (COMT) 
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gen zijn mogelijk de onderliggende biologische risicofactoren die leiden tot de 
afwijkende beloningsgevoeligheid in 22q11DS. Zo werd er ook gevonden dat het COMT-
genotype een effect heeft op de activiteit van het neuronale beloningsnetwerk in 
22q11DS tijdens beloningsanticipatie. Het COMT-genotype is verantwoordelijk voor 
afbraak van de neurotransmitter DA, met name in de frontale gebieden in de hersenen. 
Veranderingen in DA-niveaus in het brein zijn daarom mogelijk betrokken bij de 
geobserveerde veranderingen in het beloningssysteem in 22q11DS. 

In hoofdstuk 2 wordt er meer onderzoek verricht naar afwijkende 
beloningsgevoeligheid in 22q11DS. Hier toonden we aan dat ook het leervermogen over 
beloningen afwijkend is in volwassenen met 22q11DS. Van 12 niet-psychotische 
volwassenen met 22q11DS en 16 gezonde controle deelnemers is een dopamine D2/3 
receptor [18F]fallypride positron emissie tomografie (PET) scan gemaakt tijdens het 
uitvoeren van een (belonings-gerelateerde) leertaak (reinforcement learning (RL)). De 
22q11DS volwassenen waren minder goed in staat om deze taak uit te voeren dan de 
gezonde controlegroep, ze presteerden minder optimaal op de leertaak. Afwijkende RL 
in 22q11DS kan mogelijk verklaard worden door een abnormale link tussen het 
ontvangen/leren van beloningen en vrijgave van DA in het striatum als respons op het 
ontvangen van een beloning. In de gezonde controlegroep vonden wij een positieve 
relatie tussen het vrijkomen van striatale DA en het succesvol uitvoeren van de RL-taak. 
Deze relatie werd niet gevonden in patiënten met 22q11DS. Dit zou erop kunnen wijzen 
dat er geen adequate neuro-chemische reactie is op het ontvangen of leren over 
beloningen. Verslechterde RL en de afwijkende afgifte van taak-geïnduceerde DA in 
22q11DS kan mogelijk in verband gebracht worden met een verhoogd risico om 
(negatieve) symptomen van psychotische stoornissen te ontwikkelen. Een relatie met 
COMT-genotype werd ook gevonden: Met- hemizygoten vertoonde een significant 
hogere afgifte van striatale belonings-geïnduceerde DA in vergelijking met Val 
hemizygoten. Ook deze resultaten suggereren dat veranderingen in het DA-systeem een 
rol spelen in de beloningsgevoeligheid en dit kan mogelijk in verband gebracht worden 
met de psychische problemen bij 22q11DS.  

In hoofdstuk 3 hebben we de resultaten beschreven van de eerste studie naar 
frontale DA-neurotransmissie in 14 niet-psychotische, goed functionerende 22q11DS 
volwassenen. Dit werk overlapt deels de methode en patiëntengroep beschreven in 
hoofdstuk 2. Wij hebben voor het eerst aangetoond dat volwassenen met 22q11DS 
significant lagere frontale dopamine D2/3 receptor binding hebben in vergelijking met 
gezonde controles. Dit kan wijzen op een frontale hyperdopaminerge staat in 
volwassenen met 22q11DS. Deze toestand kan verband houden met het verhoogde 
risico op de ontwikkeling van cognitieve problemen en psychotische symptomen in 
22q11DS, vanwege de cruciale rol die frontaal DA hierin speelt.  

In hoofdstuk 4 hebben we onderzoek gedaan naar het verband tussen de genetische 
variatie van twee genen in het 22q11DS deletiegebied (proline (dehydrogenase) oxidase 
1 (PRODH) & COMT) en drie specifieke endofenotypes in volwassenen met 22q11DS. 
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Deze endofenotypes waren: proline niveaus, intelligentie (IQ) en sensorimotor-gating 
met pre-puls inhibitie (betrokken bij informatieverwerking in het frontale gebied van de 
hersenen). We hebben dit verband onderzocht in 45 volwassenen met 22q11DS waarin 
we in 35% van de gevallen verhoogde proline concentraties hebben gevonden. Het C-
allel van het genetische PRODH rs450046 polymorfisme (variant) is daarnaast 
geassocieerd met een verlaagd IQ. Het COMT Val158Met genotype blijkt een groter effect 
te hebben op de startle reactiviteit (SR) (COMT-Met dragers vertonen lagere SR dan 
COMT-Val dragers) in individuen met hyperprolinemia. Deze inzichten laten zien dat 
(functionele) varianten van genen in het 22q11DS deletiegebied invloed hebben op 
endofenotypes die verband houden met een verstoorde informatieverwerking in 
frontale hersengebieden. Dit kan mogelijk leiden tot een verhoogd risico op het 
ontwikkelen van cognitieve en psychiatrische symptomen in 22q11DS. 

In hoofdstuk 5 en 6 is onderzoek gedaan naar de reactie op stress (reactiviteit) in 
22q11DS, gemeten met een dagboekmethode (ervarings-sampling-methode (ESM)). 
Zevenentwintig volwassenen met 22q11DS hebben gedurende 6 dagen, op 10 
willekeurige tijdstippen, hun cortisol niveaus gemeten met speekselmonsters. 
Daarnaast hebben ze op diezelfde momenten de dagelijkse ervaringen bijgehouden met 
vragenlijsten op de Psymate app voor ESM. In hoofdstuk 5 staat beschreven dat we 
verlaagde cortisol concentraties hebben gevonden in de 22q11DS groep ten opzichte 
van de gezonde controlegroep. Dit hypocortisolisme is aanwezig in de 22q11DS groep, 
onafhankelijk van een psychiatrische diagnose of medicijngebruik. Er is geen verschil 
gevonden in de fluctuatie (diurnal) curve van cortisol gedurende de dag. Dit wijst erop 
dat de dagelijkse fluctuatie van cortisol (hogere niveaus in de ochtend en een gestage 
afname gedurende de dag) hetzelfde is in 22q11DS als in de gezonde controlegroep. 
Daarnaast is ook de cortisol reactiviteit op dagelijkse stress verlaagd in 22q11DS in 
vergelijking met de gezonde controlegroep. Een afgestompte, lagere cortisol reactiviteit 
werd gevonden tijdens activiteiten die werden gescoord als ‘moeilijk’ en ‘vervelend’ 
(activiteit-gerelateerde-stress). Terwijl gezonde controles juist hogere cortisol spiegels 
hebben gedurende zulke activiteiten (hoe stressvoller de bezigheid, hoe hoger de 
cortisol spiegel). 

In overeenstemming met deze bevindingen van afwijkende cortisol (biologisch) 
reactiviteit op stress, hebben we in hoofdstuk 6 ook een abnormale emotionele 
reactiviteit op stress in 22q11DS beschreven. Volwassenen met 22q11DS rapporteerden 
een hogere gemiddelde score van negatief affect (emoties) gedurende de dag in 
vergelijking met gezonde controles. De relatie tussen positief affect (emoties) en 
activiteit-gerelateerde-stress was daarnaast ook significant anders in 22q11DS dan in de 
gezonde controlegroep. De gezonde controlegroep rapporteert minder positief affect 
bij stressvollere ervaringen in het dagelijks leven, terwijl dit verband in de 22q11DS 
volwassenen groep afwezig was. De resultaten van hoofdstuk 5 en 6 laten zien dat 
mensen met 22q11DS mogelijk een emotionele en/of sensorische overprikkeling 
ervaren. Dit is in overeenstemming met het klinische beeld en zou kunnen resulteren in 
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een over-sensitieve hypothalamic-pituitary-adrenocortical (HPA)-as en een afwijkende 
reactie op stress. Deze conclusie duidt op een discrepantie tussen stress en de 
biologische- en emotionele reactie op (soms kleine) stressvolle gebeurtenissen in het 
dagelijks leven.  

Samenvattend was het doel van dit proefschrift het verkrijgen van meer inzicht in de 
oorzakelijke verbanden die leiden tot psychiatrische problemen, met een focus op 
psychotische stoornissen. Hiervoor hebben we onderzoek gedaan naar genetische 
factoren, endofenotypes en omgevingsfactoren in volwassenen met 22q11DS. Deze 
groep met 22q11DS heeft een sterk verhoogd risico op psychiatrische stoornissen, door 
de genetische afwijking van haplo-insufficiëntie van 50 genen. We hebben een aantal 
onderliggende biologische factoren in kaart gebracht die kunnen leiden tot de 
ontwikkeling van psychopathologie. Concluderend is ontdekt dat er afwijkingen zijn in 
de (neurobiologische) mechanismen voor beloning, stress en informatieverwerking in 
volwassenen met 22q11DS, wat verband zou kunnen houden met het hoge risico op het 
ontwikkelen van psychische problemen. 
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“Wijk af, Spring op, Dans door!” Loesje 
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Curriculum Vitae & Publicaties  

Esther van Duin is op 8 november 1987 geboren in 
Amersfoort en heeft na het afronden van de 
Montessori basisschool ’t Ronde in Leusden, haar 
vwo-diploma behaald aan het Nieuwe 
Eemlandcollege in Amersfoort. In 2005 startte ze haar 
academische opleiding met een Bachelor 
Psychobiologie aan de Universiteit van Amsterdam 
(UvA) en in 2012 rondde ze de interdisciplinaire 
research master Brain and Cognitive Sciences (UvA) af 
(cum laude). Tijdens haar opleidingen deed ze als 
stagiair en onderzoeksassistent onder andere 
onderzoek naar de neurobiologische mechanismen 
van dyslexie (UvA), de genetische risicofactoren en 
endofenotypen voor schizofrenie in een patiëntenpopulatie uit Tanzania (Academisch 
medisch centrum Amsterdam (AMC)/Tanzania), de neurobiologische factoren 
geassocieerd met ADHD (VU en RU), de hersenanatomische factoren van het Asperger 
syndroom (UvA) en cannabis gebruik bij psychose (AMC).  

Tijdens haar masterstage in 2010 deed ze voor het eerst onderzoek naar psychische 
klachten bij het 22q11 deletie syndroom. Hier maakte ze kennis met Thérèse van 
Amelsvoort, waarbij ze later in 2014 startte met het promotieonderzoek wat heeft 
geresulteerd in dit proefschrift. Haar promotieonderzoek heeft ze verricht aan de 
afdeling psychologie & psychiatrie van de Universiteit Maastricht in combinatie met de 
afdeling psychiatrie- en de afdeling nucleaire geneeskunde van het AMC Amsterdam. 
Een gedeelte van haar onderzoek heeft ze uitgevoerd aan de RWTH Universiteit Aachen 
(Duitsland) en de afdeling nucleaire geneeskunde van de KU Leuven (België). Ze heeft 
veel samengewerkt met het internationale 22q11 “Brain and Behavior Consortium”, de 
afdeling psychiatrie van de KU Leuven (België) en de afdeling kinderpsychiatrie van het 
Wilhelmina kinderziekenhuis UMC Utrecht. Los van haar promotieonderzoek ontving ze 
een beurs als visiting scientist samen met een medisch antropoloog, filosoof en 
neurobioloog voor een verblijf (2017) bij stichting Brocher (Geneve, Zwitserland) voor 
het uitvoeren van een interdisciplinair onderzoek naar “verantwoord labelen in de 
psychiatrie”. 

Naast haar wetenschappelijke carrière heeft Esther zich ook altijd beziggehouden 
met onderwijs, psychologie en maatschappij. Maatschappelijk heeft ze zich ingezet als 
deelnemer van de Nationale DenkTank (2012), was ze actief in verschillende 
werkgroepen/besturen en organiseerde ze evenementen rondom maatschappelijke 
thema’s als onderwijs, duurzaamheid, wetenschap en filosofie.  

Verder volgende ze de opleiding tot Acceptance and Commitment (ACT) therapeut 
(2016) en rondde recentelijk haar 200-uurige Hatha yoga-docenten opleiding af (2018). 
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In het onderwijs is ze begonnen als vestigingsmanager bij bijlesbureau StudentsPlus 
(2007-2008), heeft jaren gewerkt als onderwijsassistent, coördinator en docent bij de 
UvA (2008-2014) en deed onderzoek naar de toepassing van neurowetenschap in het 
(lager, middelbaar en hoger) onderwijs bij Educatieve Neurowetenschappen (LEARN!-
VU 2013-2014). Daarnaast heeft ze jaren gewerkt als onderwijs panellid bij de 
Koninklijke Nederlandse Academie voor de Wetenschap (KNAW) en Nederlans-Vlaamse 
Accreditatie Organisatie (NVAO) (2012-2015). Tijdens haar promotieonderzoek heeft ze 
in veel verschillende vakken onderwijs gegeven aan de Universiteit van Maastricht en 
behaalde ze haar Basis Kwalificatie Onderwijs (BKO).  

Op dit moment is ze Lecturer in de neurowetenschap aan het Instituut voor 
Interdisciplinaire studies (UvA), bestuurslid van stichting de Nationale Denktank, 
deelnemer aan De Balie STUDIO en bezig met het oprichten van de onderneming 
MindLife (www.mindlife.nl), waarmee ze een brug wil slaan tussen de neurowetenschap 
en de maatschappij. Zij is van jongs af aan gefascineerd geweest door de vragen “wie 
we zijn, waar ons gedrag vandaan komt en waarom we leven zoals we leven”. Ze wil 
graag andere mensen inspireren met het vinden van antwoorden op deze vragen en 
geeft daarom workshops en coaching over de oorsprong van menselijk gedrag, stress, 
geluk, psychiatrische stoornissen en de werking van het brein. Haar missie is om deze 
kennis dichter bij de maatschappij te brengen om zo meer zelfinzicht en empathie te 
genereren. Ze verbindt deze fascinatie in haar werkzaamheden met haar grote passies 
voor onderwijs, cultuur, toneel, mindfulness, yoga en dans.  
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Academische publicaties (in voorbereiding) gerelateerd in dit proefschrift  
 

van Duin EDA, Vaessen T, Kasanova Z, Viechtbauer W, Reininghaus U, Oosting G, 
Vingerhoets C, Hernaus D, Booij J, Swillen A, Vorstman J, van Amelsvoort T*, Myin-
Germeys I* (2018). Emotional reactivity to daily stress in adults with 22q11DS: an 
experience sampling study (manuscript in preparation) 

van Duin EDA, Vaessen T, Kasanova Z, Hernaus D, Vingerhoets C, Swillen A, Vorstman J, 
Booij J, van Amelsvoort T*, Myin-Germeys I* (2018). Lower cortisol levels and 
attenuated stress reactivity in adults with 22q11 deletion syndrome: an experience 
sampling study. Elsevier Biological Psychiatry - Conference Abstract SOBP 81, S253–
S254 (manuscript submitted) 

van Duin EDA, Ceccarini J, Booij J,  Kasanova Z, Vingerhoets C, van Huijstee J, Heinzel A, 
Mohammadkhani-Shali S, Winz O, Mottaghy F, Myin-Germeys I*, van Amelsvoort T* 
(2018). Lower frontal dopamine D2/3 receptor binding in adults with 22q11.2 deletion 
syndrome: a [18F]fallypride positron emission tomography study. (under review) 

van Duin EDA, Kasanova Z, Hernaus D, Ceccarini J, Beck M, Heinzel A, Mohammadkhani-
Shali S, Winz O, Mottaghy F, Booij J, Myin-Germeys I*, van Amelsvoort T* (2018). 
Striatal dopamine release and impaired reinforcement learning in adults with 
22q11.2 deletion syndrome. European Neuropsychopharmacol. 2018;28(6):732-742. 
doi:10.1016/j.euroneuro.2018.03.005. 

Van Duin, E. D.*, Goossens, L.*, Hernaus, D., da Silva Alves, F., Schmitz, N., Schruers, K., 
& Van Amelsvoort, T. (2016). Neural correlates of reward processing in adults with 
22q11 deletion syndrome. J Neurodev Disord. 2016;8:25. doi:10.1186/s11689-016-
9158-5. 

de Koning, M. B., van Duin, E. D. A., Boot, E., Bloemen, O. J. N., Bakker, J. A., Abel, K. M., 
& van Amelsvoort, T. A. M. J. (2015). PRODH rs450046 and proline x COMT 
Val158Met interaction effects on intelligence and startle in adults with 22q11 
deletion syndrome. Psychopharmacology, 232(17), 3111–3122. 

*shared authorship 

 

Andere academische publicaties (in voorbereiding) 
 

van Duin EDA, A. Driessen, S. D. de Knecht, S. L. Spruit. “The labelling of mental disease: 
Towards responsible labelling practices” (manuscript in preparation based on 
scholarship Foundation Brocher) 

L Bisaillon, A Cattapan, L Anton, A Driessen, E van Duin, S Spruit, N Jecker. (2018) Using 
the Tools of Social Science, Friendship, and Conversation: Doing Academia 
Differently (submitted - based on scholarship Foundation Brocher) 
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Bassett, A. S., Lowther, C., Merico, D., Costain, G., Chow, E. W., van Amelsvoort, T., ...van 
Duin E.….. & Murphy, K. (2017). Rare Genome-Wide Copy Number Variation and 
Expression of Schizophrenia in 22q11. 2 Deletion Syndrome. Am J Psychiatry. 
2017;174(11):1054-1063.  

T Guo, G Repetto, DM. McDonald McGinn….E van Duin, T van Amelsvoort… B Morrow .. 
(2017). Identifies Variants in the GPR98 Locus on 5q14 . 3. Circ Cardiovasc Genet. 
2017;10(5):e001690.  

Ewijk, H., Bralten, J., van Duin, E. D., Hakobjan, M., Buitelaar, J. K., Heslenfeld, D. J., ... & 
Franke, B. (2017). Female-specific association of NOS1 genotype with white matter 
microstructure in ADHD patients and controls. J Child Psychol Psychiatry. 
2017;58(8):958-966.  

Kasanova Z, Ceccarini J, Frank M, van Amelsvoort T, Booij J, van Duin E, ….. Myin-
Germeys I. (2017) Intact Striatal Dopaminergic Modulation of Reward Learning and 
Daily-Life Reward-Oriented Behavior in First-Degree Relatives of Individuals with 
Psychotic Disorder. Psychol Med. 2017:1-6.  

Nieman, D.H., Dragt, S., van Duin, E.D., Denneman, N., Overbeek, J.M., de Haan, L., 
Rietdijk, J., Ising, H.K., Klaassen, R.M., van Amelsvoort, T. and Wunderink, L., (2016). 
COMT Val 158 Met genotype and cannabis use in people with an At Risk Mental State 
for psychosis: exploring Gene x Environment interactions. Schizophrenia 
research, 174(1), pp.24-28. 

Vingerhoets WAM, Van Oudenaren MJF, Van Duin EDA, Bloemen OJN, Booij J, Evers 
LJM, Boot E, Vergaelen E, Vogels A, Swillen A, Van Amelsvoort TAMJ (2015)P.6.f.005 
Prevalence of substance use and the relation with psychosis and catechol-O-
methyltransferase in patients with chromosome 22q11 deletion syndrome. Biol. 
Psyc. Elsevier,77, No. 9:408S–408S. (submitted) 

De Koning, M. B., Bloemen, O. J., Van Duin, E. D., Booij, J., Abel, K. M., De Haan, L., ... & 
Van Amelsvoort, T. A. (2014). Pre-pulse inhibition and striatal dopamine in subjects 
at an ultra-high risk for psychosis. Journal of Psychopharmacology, 28(6), 553-560. 

de Koning, M. B., Boot, E., Bloemen, O. J., van Duin, E. D., Abel, K. M., de Haan, L., ... & 
van Amelsvoort, T. A. (2012). Startle reactivity and prepulse inhibition of the acoustic 
startle response are modulated by catechol-O-methyl-transferase Val158 Met 
polymorphism in adults with 22q11 deletion syndrome. Journal of 
Psychopharmacology, 26(12), 1548-1560. 

van Duin, E. D., Zinkstok, J., McAlonan, G., & van Amelsvoort, T. (2014). White Matter 
Brain Structure in Asperger’s Syndrome. Comprehensive Guide to Autism (pp. 1905-
1927). Springer New York. 
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Andere, niet-academische, publicaties gerelateerd aan dit proefschrift 
 

Van Duin, EDA (2017) – “Gun je brein eens rust – ontstress!” gezondidee.mumc.nl 

Esther van Duin (2015) – “Onderzoek Maastricht 22q11” Nieuwsblad VG Netwerken & 
GeestKrant 

22q11 Team Maastricht (incl. E. van Duin) (2015-2018) – “Updates lopend onderzoek 
Maastricht 22q11 studies” nieuwsbrief voor deelnemers en partnerorganisaties 

Jim Jansen, Esther van Duin (2015) – Het talent, wetenschap “Ik wilde altijd al weten hoe 
de mens werkt” Het Parool 

 

Awards en beurzen   
 

Brocher Foundation Scholarship: proposal “The labelling of mental disease: Towards 
responsible labelling practices” E. van Duin, S. de Knecht, A. Driessen, S. Spruit, was 
gehonoreerd voor implementatie tijdens het Brocher Foundation programma in Geneva 
– Zwitserland 

Beste wetenschappelijke presentatie: MheNS (School for Mental Health and 
Neuroscience Department of Psychiatry) research day 2017 

 

Presentaties gerelateerd aan wetenschap 
 

Weekend van de Wetenschap/ weekendschool – neuro voor kids 2016-2018 

Stichting Steun 22q11 studiedag Utrecht UMC, 2016, 2017, 2018 (oral) 

International 22q11.2 Brain and Behavior Concortium (IBBC) 
*biannual meeting of 2016, Sermione (Italy) (oral) 

European College of Neuropsychopharmacology (ECNP) 
*annual meeting of 2015, Amsterdam (NL) (poster) 

European Society for Child and Adolescent Psychiatry (ESCAP) 
*annual meeting of 2017, Geneva (Switerland) (oral) 

Research day School for Mental Health and Neuroscience (Mhens) 
*annual meeting of 2014, Maastricht (NL) (poster) 
*annual meeting of 2015, Maastricht (NL) (poster) 
*annual meeting of 2016, Maastricht (NL) (oral) 
*annual meeting of 2017, Maastricht (NL) (poster) 

Amsterdam neuroscience - annual meeting of 2017, Amsterdam (NL) (poster) 
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International Society for Magnetic Resonance in Medicine (ISMRM) 
*benelux meeting of 2017, Tilburg (NL) (poster) 

Society of Biological Psychiatry (SOBP) 
*Annual meeting of 2015, Toronto (Canada)(poster) 
*Annual meeting of 2017, San Diego (VS) (poster) 

 

Onderwijs  
 

Onderwijskwalificaties  
Basis Kwalificatie Onderwijs (BKO)     2018 
Probleemgestuurd onderwijs (PGO)    2015 
Mentoring/ Tutoring      2015 

Lecturing, hoorcolleges (HC) / tutoring werkgroepen (WG) 
Research Master Neuropsychology – “HC Schizophrenia”  2015 – 2017 
Geneeskunde – “HC/WG Psychiatrie” “mentoraat”  2014 – 2017 
Health Sciences – “Ethical questions in neuroscience and 
psychiatry”       2017 

Supervisie studenten/ scholieren 
School onderzoekproject (basisschool) (1 student)  2014 
Middelbare school profielwerkstuk/ beroepsoriëntatie 
(3 studenten)       2017 
Bachelor thesis (2 studenten)     2015, 2017 
Bachelor short research internship (4 studenten)   2015, 2016 
Master thesis and internship (5 studenten)   2015 - 2018 

  



 

  



Appendices 

232 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
“Piglet noticed that even though he had a very small heart, it could hold a rather 
large amount of gratitude.” Winnie the Pooh  
 
To my English colleagues and friends: I will send you a personal note in English! 
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Dankwoord  

Het dankwoord is het eerste en soms zelfs enige hoofdstuk van het proefschrift dat 
gelezen wordt en dat is misschien wel heel erg terecht. Want begrijpen we niet het 
meeste van het leven en de mens door ons te verdiepen in elkaar? Door elkaar te 
observeren? In een dankwoord komt een stukje van de mens achter de 
schrijver/wetenschapper aan het licht, waardoor er meer geleerd wordt over deze 
persoon en ook over de mensen die erkenning verdienen voor hun bijdrage aan dit 
proefschrift. En jij verdient het om door mij erkend, gezien en bedankt te worden! Want 
je hebt op één of andere manier bijgedragen aan het tot stand komen van dit 
proefschrift, al was het maar omdat je mij als persoon gevormd hebt tot de persoon die 
ik nu ben. Toch zal het moeilijk zijn om iedereen recht te doen in deze tekst. Het 
geschreven woord is niet mijn sterkste kant van uitdrukken dus ik geloof er meer in dat 
ik je zal bedanken op mijn eigen manier, in het “echte leven”. Daarom hierbij vooral 
slechts de namen van iedereen die ik dank verschuldigd ben. En mocht ik je naam zijn 
vergeten, weet dan dat dat alleen maar zo is omdat ook mijn hersenen beperkt kunnen 
functioneren. Desalniettemin: Bedankt, bedankt dat je er bent, en dank dat je er voor 
me bent geweest gedurende dit promotietraject!  

Als eerste en belangrijkste personen die ik wil bedanken zijn alle deelnemers met 
22q11DS en hun naasten, begeleiders en familieleden. Jullie waren mijn grote drijfveer 
om dit onderzoek te doen, zonder jullie was ik nooit zo ver gekomen. Ik ben enorm 
dankbaar voor de gastvrijheid die jullie me vaak in jullie huis hebben geboden en de 
ontzettend persoonlijke gesprekken en prachtige en vaak ook heftige verhalen die jullie 
met me hebben gedeeld. Ik weet dat de uitdaging die het voor mij is geweest om dit 
proefschrift te schrijven niets is in vergelijking met de uitdagingen waar veel van jullie, 
soms dagelijks, mee te maken krijgen. Jullie doorzettingsvermogen is inspirerend. Ik 
hoop dat ik met dit proefschrift een klein beetje heb bijgedragen aan meer inzicht en 
kennis over 22q11DS, over de bijzondere psyche van deze unieke mensen, want 
onbekend maakt onbegrepen. Daarom ook veel dank aan stichting steun22q11, VG-
netwerken en de Perelhoenderhoeve voor hun hulp bij mijn onderzoek en hun inzet om 
de kwaliteit van leven van mensen met 22q11DS te verbeteren. 

Het onderzoek beschreven in dit proefschrift is tot stand gekomen in samenwerking 
met vele andere wetenschappers die ik graag als tweede wil bedanken. Te beginnen bij 
mijn promotieteam. Zoals het een goed gebruik is, richt ik mij eerst tot mijn eerste 
promotor.  Thérèse, veel dank voor alles. We hebben vanaf 2010 intensief 
samengewerkt aan een gedeelde interesse in 22q11DS. Je was altijd zeer betrokken bij 
mijn promotieonderzoek en ik denk dat er weinig andere promotoren zijn die zo snel 
reageren als jij. Bedankt dat je me (nogmaals) de kans hebt geboden voor een 
onderzoeksbaan, waarbij je ruimte hebt gegeven aan mijn wens om meer ervaring op te 
doen met de klinische kant van de psychiatrie. Jan, als tweede promotor maar eerste 
aanspreekpunt in het AMC, was je een fijne toevoeging aan mijn promotieteam. 



Appendices 

234 

Dankjewel voor alles. Onze meetings waren altijd prettig en inspirerend. Ik waardeer je 
inhoudelijke bijdrage maar ook je coachende rol. Ik bewonder jouw combinatie van 
kwaliteiten, waaronder dat van een goed clinicus, wetenschapper en mentor. Dennis, 
mijn co-promotor, bedankt voor alles. Ik heb gedurende mijn promotietraject 
bewondering gekregen voor je grote kennis, oog voor detail en schrijfkwaliteiten, waar 
dat bij mij nog wel eens ontbreekt, ook vanwege mijn dyslexie. Ik heb het je daarom niet 
makkelijk gemaakt. In de wetenschap is nauwkeurig formuleren essentieel, en jij was 
altijd bereid, vanuit Maastricht of vanuit de VS, om mijn teksten zorgvuldig te lezen en 
tips aan te dragen.  

Al het werk in de hoofdstukken van dit proefschrift is mede mogelijk gemaakt door 
alle co-auteurs en mensen vermeld in de ‘acknowledgements’ van de artikelen, daarom 
ben ik hen ook veel dank verschuldigd. In het bijzonder ben ik dankbaar aan dr. Mariken 
de Koning, dr. Jacob Vorstman, prof. Inez Myin-Germeys, dr. Zuzana Kasanova, dr. Jenny 
Ceccarini, prof. Ann Swillen, dr. Lies Goossens, Debora op ’t Einde en dr. Thomas 
Vaessen. Heel veel dank voor jullie intensieve begeleiding bij mijn onderzoek, ik heb de 
samenwerking met ieder van jullie als heel waardevol en goed ervaren. Dit waardeer ik 
enorm, zonder jullie was het nooit gelukt. Heel veel dank ook aan mijn andere co-
auteurs/ a great thanks to my other co-authors: Alexander Heinzel, Siamak 
Mohammadkhani-Shali, Oliver Winz, Felix Mottaghy, Michael Frank, Fabiana da Silva 
Alves, Nicole Schmitz, Koen Schreurs, Merrit Beck, Claudia Vingerhoets, Jytte Huijstee, 
Erik Boot, Oswald Bloemen, Jaap Bakker, Katherin Abel, Wolfgang Viechtbauer, Uli 
Reininghaus, Peter Saalbrink en Gijs Oosting. Your help is much appreciated! 

De leden van de beoordelingscommissie en corona wil ik graag danken voor de tijd 
die ze hebben genomen om mijn proefschrift te beoordelen en te opponeren tijdens 
mijn verdediging. Het voelde als een grote stap toen ik mijn proefschrift mocht opsturen 
naar jullie en ik was ontzettend blij te horen dat jullie een positief oordeel hadden 
gegeven. Veel dank aan dr. Janneke Zinkstok, prof. Bart Rutten, prof. David Linden en 
prof. Koen van Laere. Thank you all. De rest van de leden van de corona, prof. Ann 
Swillen, dr. Machteld Marcelis en dr. Anouk Schrantee: ik kijk er naar uit om samen met 
jullie van gedachte te mogen wisselen over mijn proefschrift. Veel dank voor jullie 
bereidheid om zitting te nemen en te opponeren.  

 
Al het onderzoek beschreven in dit proefschrift was nooit mogelijk geweest zonder 

de fantastische hulp en inspiratie van al mijn stagiairs en studenten die me hebben 
geholpen. Jullie zorgden ervoor dat ik me iedere dag weer enorm gemotiveerd voelde 
om samen met jullie het onderzoek uit te voeren. Daarnaast wil ik heel graag al mijn 
mede-22q11 collega-onderzoekers bedanken. Zo fijn en inspirerend om met jullie te 
mogen werken. Dank dat jullie er altijd voor zorgden dat ik nog meer gefascineerd raakte 
over deze bijzondere mensen en het warme welkom in jullie onderzoeksgroepen. Veel 
dankbaarheid ook naar mijn fijne collega’s in Maastricht voor alle gezelligheid, steun, 
inspiratie, hulp en de goede tijd die ik dankzij jullie daar heb gehad. Naast Maastricht 
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had ik ook een thuisbasis in Amsterdam bij de Nucleaire Geneeskunde (en Radiologie) 
in het AMC bij de afdeling Z0. Al mijn collega’s van het AMC / Z0 wil ik enorm bedanken 
voor de fijne tijd. Ondanks dat ik veel verschillende werkplekken heb gehad en weinig 
onderzoek echt in het AMC heb uitgevoerd was ik blij mezelf een collega van jullie op Z0 
te hebben mogen noemen en onderdeel te zijn van deze bijzondere afdeling. Ik ben 
enorm dankbaar aan alle ondersteunende mensen bij dit promotietraject op allerlei 
vlakken. Jullie hebben het mij zoveel makkelijker gemaakt, heel veel dank voor alles. 
Dank aan alle studenten die ik les heb mogen geven in de afgelopen jaren en die mij 
bleven inspireren om de wetenschap in begrijpelijke taal over te brengen. Heel dankbaar 
ben ik voor al die mensen die mijn verblijf hebben mogelijk gemaakt in Maastricht, 
Leuven en omstreken en voor het faciliteren van allerlei schrijfretraitelocaties. 
Bijzondere dank aan al die mensen die me onvermoeibaar hebben geholpen in specifiek 
het schrijfproces van dit proefschrift, jullie zijn m’n helden! Veel dank ook aan al mijn 
“leermeesters” die mij hebben onderwezen, geïnspireerd, gevormd of gemotiveerd in 
Leusden, Amersfoort, Amsterdam, Nijmegen, Maastricht, Zwitserland en India. Door 
jullie ben ik geholpen om wetenschapper te worden en een loopbaan in de academie te 
krijgen. Ik had het niet kunnen doen zonder de onvolwaardige steun van zoveel lieve 
mensen om me heen: oude/nieuwe collega’s, vrienden, familie en hun eventuele 
partners en kinderen. Daarom ook mijn speciale dank aan jullie, want jullie maken mij 
blij en hebben ervoor gezorgd dat ik dit heb kunnen volbrengen. Woorden schieten 
daarbij te kort, dus dat ga ik op een ander manier duidelijk maken. 

 
Dankjewel Ania, Aart, Anna, Anne, Anne-Marije, Annelie, Annelieke, Arjan, Art, 

Artemis, Blomke, Bernold, Bernd, Boyd, Bram, Brankele, Brenda, Carmen, Caspar, 
Charlotte, Chiel, Christian, Congolezen, Corrie, CrossOver, Danny, Damien, 
Denktankers&bureau&(alumni)bestuur, Dennis, Dick, Dieuwke, Dirk, Dorien, Ehsan, Elvi, 
Erik, Eva, Florence, Floris, Foundation Brocherscientists, Frank, Geor, Gerben, Gerrit, 
Gert, Gui, Guido, Guus, Hannah, Hanneke, Henk, Henk-Jan, Henni, Hilde, Iggy, Ilse, India, 
Ine, Inez, Inge, Inger, Iris, Jan, Janita, Janneke, Janske, Jasper, je suis thema 3, Jean-Luc, 
Jelle, Jeroen, Jim, Jindra, Jitsha, Jo, Joena, Johan, Jolien, Jop (en famillie), Jordi, Joris, Jos, 
Josje, Josien,  JP, Jules, Justine, JW, Kerry, Kim, Lara, Laura, Lee, Lena, Linda, Linet, Linde, 
Lisa, Lucas, Lucy, Lukas, Luuk, Maude, Mabeth, Machiel, Maddy, Marleen, Marlous, 
Manon, Marcel, ML, Marieke, Marijn, Mariken, Marit, Marja, Martin, Marlien, Marry, 
Marta, Martelien, Marti, Matthan, Maude, Melissa, Merel, Michel, Michelle, Michiel, 
Nancy, NDT12, Nele, Nelleke, neuro nerds, Nicole, Noreen, Ofry, Oliver, Oswald, Ot, Paul, 
Perijne, Peter, Pieter, Pim, Populist, Rachel, Reinout, Renée, Rens, Ria, Rianne, Robbert, 
Rolf, Ron, Rosalie, Rune, salsa en toneelvrienden, Sander, Sandra, Sara, Sasja, Shannon, 
Sofieke, Sil, Silke, Silvia, Sjoerd, Sofieke, Solange, Sophie, Spencer, Stijn, Stijntje, Suzanne, 
Sylvia, Tanja, tante Aad, team Kip, Thijs, Thomas, Tim, Titia, Toni, tutoren&docenten, 
Trees, Truda, Valentina, Veerle, Vic, Vincent, vrienden van Stein, Wendy, Willem, Wim, 
Wouter, Wychert, Yentl, Yori, YogaShantiCrew, Youssef, Yvonne en Zef, thanks a million!!! 
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Lieve paranimfen, Sicco en Joany, dank voor het bijstaan op zo veel vlakken van dit 

promotietraject: inhoudelijk, als schrijfmaatjes, maar vooral als vrienden. Lieve Sic, fijn 
dat we in 2005 allebei besloten psychobiologie te gaan studeren en in het Congo bestuur 
te gaan. Ik gun iedereen zo’n goede vriend waarbij ik me tegelijkertijd enorm uitgedaagd 
en enorm gesteund kan voelen. Dankjewel dat je boos voor mij kan zijn en me vooral 
ook zo vaak kan laten lachen! Lieve Joans, als één van de enige begreep jij echt hoe ik 
me soms voelde, in het begin van het traject (als huisgenoot) en aan het eind (samen in 
de promotie-eindsprint) was je er voor me. Ik ben je enorm dankbaar voor je steun, je 
begrip en onze bijzondere (bijna 20-jarige! school-) vriendschap.   

Afsluitend wil ik graag mijn familie bedanken. Allereerst, lieve schoonfamilie, heel 
veel dank voor alle onvolwaardige steun en betrokkenheid, dankjulliewel dat jullie er 
voor me zijn: Margreet, Willem, Duco, Carola, Daphne en Ahmad. En natuurlijk mijn 
eigen lieve gezin die ik nooit genoeg zal kunnen bedanken met de woorden hier op 
schrift. Lieve papsky, “het leven is alleen echt wanneer ‘Ik ben’”. Jij bent mijn grootste 
inspiratiebron voor de filosofie en de wetenschap. Dankjewel dat je mijn 
nieuwsgierigheid en verwondering altijd hebt aangemoedigd en dat je ervoor hebt 
gezorgd dat ik de lente weer kon zien toen die kwam. Lieve mama, “het leven begint aan 
het einde van je comfortzone”, dat weten wij allebei en ik bewonder jouw moed. Jij bent 
mijn grootste inspiratiebron voor de psychiatrie. Dankjewel dat je me hebt geleerd hoe 
je echt met mensen om moet gaan en me altijd steunt met je levenswijsheid. Thom 
dankjewel en fijn dat je bij Mirjam bent. Lieve Mir, wat ben ik trots dat jij mijn zusje bent. 
Jij bent onze gezamenlijke dansdroom gaan leven waar ik het nooit heb aangedurfd mijn 
creatieve passies zo trouw te volgen. Ik bewonder je enorm en ben zo blij dat we elkaar 
altijd kunnen steunen, dat ik jou heb en we elkaar steeds beter begrijpen.   

Lieve Stein, het is te moeilijk om de juiste woorden te vinden om te beschrijven hoe 
belangrijk jij bent voor mij en hoe belangrijk je bent geweest voor het voltooien van dit 
proefschrift. Jij bent de grootste reden waarom dit promotietraject tot een succesvol 
einde is gekomen. Woorden halen het niet bij gevoel. Maar toch: dankjewel voor je 
liefde, dat je er bent, dat ik bij jou kan zijn. Dankjewel dat jij ervoor zorgt dat ik kan 
blijven dansen in de regen.   

Een promotietraject is in zekere zin te vergelijken met een lange (levens)reis: regen 
en zonneschijn wisselen elkaar af, zijpaden bieden onverwachte vergezichten en 
uiteindelijk blijkt niet alleen het einddoel maar vooral de reis van belang. Het was een 
bijzondere reis, die veel inzichten heeft gegeven voor de rest van mijn leven. Ik voel me 
enorm trots op de verrijking en de lessen die ik afgelopen jaren heb geleerd, dit is gelukt 
dankzij jullie. Dankjewel… 
 
Dans!  
 
Liefs & Namaste 
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