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A human being is a part of the whole called by us universe, a part 
limited in time and space. He experiences himself, his thoughts and 

feelings as something separated from the rest, a kind of optical 
delusion of his consciousness. This delusion is a kind of prison for 

us, restricting us to our personal desires and to affection for a few 
persons nearest to us. Our task must be to free ourselves from this 

prison by widening our circle of compassion to embrace all living 
creatures and the whole of nature in its beauty. 

Albert Einstein
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The brain – a complicated road map
The human brain consists of approximately 86 billion neuron cells (1) and 
a normal functioning human body has more synapses (100 trillion) than 
blood cells (26 trillion). The brain consumes more energy than any other 
organ, accounting for up to 20% of the body’s total supply. Therefore, 
the cerebrum is the key organ in the central nervous system enabling 
bodily activities, processing, integration, coordination, decision-making, 
and sensory processing. The cerebrum is a highly complex organ that has 
massively evolved over time. The human brain size was considerably larger 
28,000 years ago in the era of the Homo Neanderthalensis (1,736 cm3(2)) 
compared to the brain volume in the modern era (1,500 cm3(3)), making 
it more compact and effi cient. In line with the evolutionary path from our 
primates, such as chimpanzees, humans developed an extensive frontal lobe 
for emotion, planning, decision-making and higher cognitive functioning. 
This makes the human species unique compared to other species, but this 
development is also thought to have increased the risk to develop mental 
problems. Although this remains a hotly debated topic, the fundamental 
basis for at least some mental disorders is thought to be located in the 
brain. In the cerebrum, distinct cells are described based on color as 
pertaining to either white matter or gray matter. White matter received 
this name due to a high level of fat enabling fast connections between 
cortical areas. Cortical areas contain neural cells with specifi c function 
and have a gray color. The white matter forms the ‘roads’ interconnecting 
villages and cities with each other. Due to several factors (e.g. heavy traffi c 
or bad weather conditions) a road becomes less effi cient in handling traffi c 
resulting in traffi c jams, accidents and, as a result, an individual experiencing 
a degree of mental discomfort. Therefore, it is important to investigate 
cerebellar white matter in terms of ‘road work ahead’.

Men ought to know that from the brain, and from the brain only, arise our 
pleasures, joy, laughter and jests, as well as our sorrows, pains, griefs, and tears. 

Hippocrates 460-377 BC.
Psychosis spectrum disorder
Psychotic disorder is a mental illness of widely varying but sometimes poor 
prognosis, with an estimated lifetime prevalence of 3.5% in the general 
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population (4), of which the poor outcome fraction (often referred to as 
‘schizophrenia’) has a lifetime prevalence of 0.7% (5). The disorder is most 
frequently diagnosed in men, as evidenced by an incidence risk ratio of 
1.42 relative to women (6). Psychotic disorder is a complex mental illness 
characterized by positive and negative symptoms and can be rather subtle, 
such as the incorrect observation of a person standing on side of the street 
at dusk, while on second notion this actually appears to be a lamppost. 
This illusion or visual misinterpretation has its origin in a temporary hitch 
in the processing and integration of information in the brain. The incorrect 
interpretation, personalizing a lamppost, is a factor contained within the 
mind of the person. The environment also plays a role in the incorrect 
observation, since visual perception was likely distorted given the fact that 
darkness was falling. These are fairly normal misconceptions happening to 
many people and they are usually not very disturbing or causing any major 
problems. 
Currently, the Diagnostic and Statistical Manual of Mental Disorder 5th 
edition (DSM-V) (7) is in use for the practice of diagnosis in clinical 
psychiatric practice. This ‘bible’ of mental health care provides a category 
named schizophrenia spectrum and other psychotic disorders and lists 
fi ve key symptoms of psychotic disorders: 1) delusions, 2) hallucinations, 
3) disorganized speech, 4) disorganized or catatonic behavior, and 5) 
negative symptoms. A patient will be diagnosed with schizophrenia based 
on the observation of two of these fi ve symptoms and is required to have 
at minimum one of the fi rst three symptoms (delusions, hallucinations, 
and disorganized speech). When a person with solely isolated delusional 
thoughts visits a mental health professional for help, he/she will likely 
not be diagnosed with schizophrenia, although he/she may be treated 
for delusional disorder if the delusional thoughts are clinically relevant 
and impact functioning. Delusional thoughts are, per defi nition, held with 
certainty, cannot be changed and have bizarre or impossible content (8). 
Delusional thoughts can emerge from irrational beliefs, and the symptom 
can be detectable in an early stage before a diagnosis has been made (9). 
The early detection and prevention of further development into clinically 
relevant mental disorder can be of great value, especially in adolescents (10, 
11). It is during this developmental phase, ranging from 16 to 26 years of 
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age, that there are massive social, cognitive, maturational and developmental 
changes. Internal factors can be hormonal changes, emotional fl uctuations 
and novel feelings, while environmental factors such as social interactions, 
relationships, and career decisions likewise play a role (12, 13). These 
stressors could lead to an increased risk of psychopathology and could 
later contribute to the onset of psychotic disorder (14). Therefore, it is 
essential to investigate the pathway towards early psychosis and psychotic 
disorder. Over time, symptoms can occur more often and accumulate in 
frequency and degree of impact on daily life, causing a spiral of increasing 
levels of distress. It has been shown that psychosis may arise when general 
psychopathology becomes more severe and persistent (15-17), so that 
eventually a person may develop psychosis spectrum disorder. 

Positive and negative symptoms
Before the onset of a fi rst psychotic episode, commonly a phase of 
subclinical symptoms is present, including subtle expression of positive 
and negative symptoms. These symptoms can fl uctuate over time and may 
lead to distress and impairment in daily life functioning. Broadly defi ned 
subclinical psychotic experiences have an estimated prevalence of 7% in 
the general population (18) and can predict the persistence and severity 
of later psychopathology (19). Subclinical psychotic experiences consist 
of mild or attenuated positive or negative psychotic experiences. Positive 
symptoms encompass delusions as described previously, but also include 
disordered thoughts and speech or hallucinations. The word hallucination 
originates from the Latin word alucinari, which means ‘to wander in the 
mind’ (20). A hallucination occurs when the brain perceives an event 
without having an external stimulus. These events can be intense, extensive 
and externalized. The resulting incorrect perception can be thought 
of as mediated by the brain and pertains to one of the senses; visual, 
auditory, proprioceptive, olfactory, tactile, equilibrioceptive, nociceptive, 
thermoceptive, chronoceptive or gustatory. Paracusia (hearing voices) 
affects more than 70% of the patients with psychotic disorder and can be 
very distressing (21). Hallucinations are sometimes distinguished from so-
called nonpsychotic hallucinations, or pseudohallucinations, which could 
happen when the person perceives an external stimulus while knowing it is 
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unreal. However, in modern terms this could be more correctly described 
as hallucinatory experiences with retained insight.
While positive symptoms are most visible and distressing, negative 
symptoms in psychotic disorder have gained increased research interest 
over the last decades (22). Negative symptoms can be described as a 
defi ciency of feelings or behaviors that are regularly present and include 
blunted emotions, loss of drive, social withdrawal and thought poverty (23). 
Additionally to these features, the MATRICS (Measurement and Treatment 
Research to Improve Cognition in Schizophrenia) identifi ed the following 
negative symptom domains; affective fl attening, alogia, avolition, asociality, 
and anhedonia (24). It is useful to not only investigate positive symptoms, 
but also consider negative symptoms that might be hidden underneath the 
more dramatic expression of psychosis. Several factors are related to the 
emergence of positive and negative symptoms. 

Genetic vulnerability 
Genetics are thought to have a role in the risk related to the development 
of psychotic disorder (25). However, research on genetic vulnerability has 
been challenging. Based on the genetics literature in psychotic disorder, it 
can be concluded that the disorder is highly polygenic with many risk loci 
across the allelic frequency spectrum and that risk genes / alleles are shared 
with bipolar disorder, intellectual disability, major depression disorder and 
autism spectrum disorders (26). There are around 200 risk variants based 
on genome-wide association studies in psychotic disorder, but there are 
many more risk variants of which the risk levels are too small to stand 
out individually. An endophenotype – a behavioral, cognitive, biological or 
other marker of genetic risk - can be identifi ed via non-affected family 
members, who per defi nition have a higher rate of an endophenotype, or 
genetic marker, compared to the general population (27). Another option 
to investigate genetic factors is a model including siblings of patients with 
psychotic disorder. Because siblings share on average half of their genes 
with their ill brother or sister, this model allows investigating heritability 
and exploring environmental factors interacting with genetic risk, 
infl uencing disease development. Several environmental increasing the risk 
of psychotic disorder such as cannabis use, childhood trauma, and urbanicity 
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have been described (28). Siblings of patients with psychotic disorder have 
a higher than average genetic risk for developing the disorder and therefore 
may be used productively in research focusing on endophenotypes or gene-
environment interaction. 

Daily life experience sampling method in subclinical 
psychosis
Experience Sampling Method
The Experience Sampling Method (ESM) is an ecological momentary 
technique and has been used in research to study feelings, thoughts, mood, 
and social functioning in daily life (29, 30). This structured electronic diary 
allows data collection in a naturalistic environment and has advantages 
over traditional assessment techniques (31). First, answers are provided in 
the moment and refl ect current thoughts and feelings instead of reporting 
how a person generally feels in a laboratory setting. This reduces recall 
biases to a minimum while it can be integrated in daily life (32, 33). Secondly, 
ESM measures multiple time points during the day (usually 10 times) 
allowing for trend analyses and detection of change over time. ESM can be 
customized to incorporate exercises in daily life and allows self-monitoring, 
self-insight and feedback to the patient (34). Furthermore, ESM can have 
added therapeutic value in treatments as demonstrated by two randomized 
controlled trials (RCT) (35, 36). The ESM technique has been applied in 
several research populations and, within the scope of the current thesis, the 
current focus will be on ESM in psychotic disorder.

ESM in psychotic disorder
ESM is known as a feasible, valid and reliable method to assess psychotic 
disorder in a daily context (37-39). Based on several studies it can be 
concluded that patients with psychotic disorder report similar levels of 
positive emotions compared to controls (40-42). This notion might be 
interpreted as an intact hedonic capacity, although this might not be true 
(43, 44). An explanation of this might be that patients with psychotic 
disorder tend to engage less in pleasurable activities compared to controls, 
while still enjoying the event when engaged to it (40-42). The underlying 
mechanism of pleasure forecasting or the anticipation of reward therefore 
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plays an important role in psychotic disorder. This might be related to 
positive and negative affect due to some sort of disconnect that may exist 
between engaging to enjoyable activities (anticipation) and liking the event 
at that moment.
Assessment of positive and negative affect usually is accomplished by 
factorizing items that are based on questions on a seven-point Likert-scale 
(45). A consistent fi nding in people with psychotic disorder shows increased 
negative emotion (effect size of 0.84) and decreased positive emotion 
(effect size -0.75) compared to healthy controls (46). These results are in 
agreement with research using questionnaires such as the PANAS (Positive 
and Negative Affect Schedule (47)). Research into delusional moments in 
patients has shown that these moments are frequently accompanied by 
increased negative and decreased positive affect, further fuelling psychotic 
symptoms in daily life (48). 

ESM in subclinical psychosis
While most ESM research has focused on psychotic disorder, literature 
on ESM in subclinical psychosis is limited. A study on the so-called at-risk 
mental state (ARMS), and additionally a study on the conceptually similar 
ultra-high-risk state (49, 50), reported increased emotional reactivity to 
activity-related items and social stress (51). Stress sensitization and related 
distress might be a key feature inducing further psychotic experience 
development. Furthermore, aberrant salient experiences are stronger linked 
with psychotic experiences in ARMS compared to control individuals (52). 
Aberrant salience might be an early indication before onset of psychotic 
disorder. This concept has been closely related to motivational impairment.

Brain alterations in psychotic disorder and subclinical 
psychosis
Magnetic Resonance Imaging
Since the fi rst experiments on Magnetic Resonance Imaging (MRI) in 1971 
(53), the technique has evolved signifi cantly over time. Nowadays cutting-
edge techniques allow for sub-millimeter image acquisition in order to 
examine white matter and gray matter. The structural white matter tracts 
enable connections between brain regions on the cortex. The cortex mainly 
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consists of gray matter and has dedicated functions located at specifi c 
regions. White matter can be examined using Diffusion Weighted Imaging 
(DWI; see below), while gray matter can be investigated using functional 
MRI based on activation derived from the Blood-Oxygen Dependent 
(BOLD) contrast. FMRI was invented in 1992 and allows for the dynamic 
assessment of the brain in-vivo based on a signal that is indirectly related 
to energy consumption of the brain (54). This BOLD signal originates 
from the hemodynamic response as blood releases oxygen to the neurons 
that require energy because of an active task or function. In turn, the 
relative levels of oxyhemoglobin and deoxyhemoglobin change resulting 
in a measurable alteration of differential magnetic susceptibility (55). With 
the application of fMRI task related BOLD signal can be recorded via time 
series enabling dynamic evaluation of the human brain in-vivo. MRI has 
been widely used in clinical research and has been applied to examine the 
neurobiological basis of psychotic disorder. 

Brain volume and morphometry in psychotic disorder
Brain MRI research in psychotic disorder begun in the year 1984 by 
describing and visualizing morphometric properties using a 0.3T (Tesla) 
scanner (56). An increase in cerebrospinal fl uid (CSF) in psychotic disorder 
was noted and prominent in the frontal horns (57). This notion has been 
further examined and it became apparent that lateral ventricular and 
third ventricular enlargement were related to psychotic disorder (58) 
in combination with gray matter defi cits located in the left superior 
temporal gyrus and the left medial temporal lobe (59). Loss of gray matter 
in these specifi c areas may be linked to hallucinations and formal thought 
disorder. Furthermore, morphometric changes may also occur in siblings of 
patients with psychotic disorder. Research suggests they show a divergent 
developmental pattern with lower cortical thickness in the prefrontal 
and temporal cortex compared to healthy controls (60-62). Additionally, 
there is some evidence that the development of young adults at high risk 
for psychotic disorder is associated with smaller fronto-temporal cortical 
regions (63). Morphometry allows for detecting crude overall changes 
and might be fairly non-specifi c. As psychotic disorder has been described 
as a white matter disorder, perhaps more specifi c MRI techniques can 
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contribute to a better understanding of myelin alterations. 

Diffusion Weighted Imaging 
In 1985, DWI was invented to study white matter abnormalities in-vivo 
via molecular diffusion (64). The principles of DWI are based on Brownian 
motion (or isotropic diffusion), which can be more or less restricted 
by surrounding structures (65). In CSF, there is no restriction of free 
water movement and therefore isotropic diffusion can happen within the 
molecules without a preferable path. Highly myelinated white matter has 
a profound directionality called anisotropic diffusion and restricts/hinders 
the movement of molecules to the myelin sheet surrounding the axons. The 
fatty myelin sheet allows for a fast transmission of electrical signals trough 
axons connecting brain regions (66, 67). Diffusion in the brain can quantify 
specifi c properties of the underlying microstructure on the voxel level. A 
voxel is a volume element, which captures properties of cells within the 
volume commonly in the order of magnitude of 2mm3. While DWI indeed 
captures several distinct processes in cells within one voxel, several studies 
have shown the added value of quantifi cation of white matter.

DWI measurements
The composition of white matter can be quantifi ed using measures derived 
from the DWI acquisition. A commonly used measure to express ‘integrity’ 
is the Fractional Anisotropy (FA). This measure refl ects a mixture of axonal 
density, fi ber density and myelination in a fairly non-specifi c matter and 
can range from 0 (isotropic diffusion and unrestricted movement of water 
molecules) to 1 (anisotropic diffusion and full restriction of movement 
along one axis) (68-71). Next to FA, axial (AXD) and radial diffusivity 
(RAD) measurements provide more detail on white matter composition. 
Decreased AXD has been related to axonal injury/loss and may be related 
to the number of axons within the white matter (72). Additionally to 
AXD, RAD is able to quantify the diffusion of water perpendicular to the 
main axis. RAD might increase as an indication of demyeliniation allowing 
more free diffusion perpendicular to the main direction (73, 74). Over the 
last decades DWI measurements have been applied to further investigate 
microstructural white matter alterations in psychotic disorder.
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DWI in psychotic disorder
The “disconnection hypothesis” in psychotic disorder proposes that 
communication between regions is impaired (75). This concept has been 
studied extensively and in chronic psychotic disorder, FA reductions 
have been suggested in the left frontal and left temporal white matter 
regions when compared against healthy controls. Specifi cally, the genu and 
splenium of corpus callosum, cingulum bundle, fornix, left anterior thalamic 
radiation (ATR), left corticobulbar tract, left inferior fronto-occipital 
fasciculus (IFOF), and left inferior longitudinal fasciculus (ILF) may show 
decreased FA in patients (76, 77). In patients with a fi rst-episode, white 
matter volume reductions occur in frontal regions and the bilateral internal 
capsula (78). Although reports of FA reductions are dominating the white 
matter literature in psychotic disorder, some studies comparing ultra-high 
risk patients who convert to psychosis against non-converters may show 
increased FA. These increases are located in the left medial temporal lobe 
(79), arcuate fasciculus bilaterally (80, 81), left anterior cingulum and left 
superior longitudinal fasciculus (SLF) (82) and may be related to auditory 
hallucinations.

DWI in siblings and subclinical populations
Research on white matter alterations in siblings and subclinical populations 
can provide information on the emergence of psychotic disorder. Individuals 
at higher than average genetic risk of developing a psychotic disorder seem 
to have lower FA compared to healthy controls in the corpus callosum (83), 
bilateral cuneus (84), ILF, IFOF (85), and SLF (86). However some studies 
showed no difference in FA between siblings and controls (87). Psychotic 
disorder has been theorized as a disorder of disturbed neurodevelopment 
and potentially white matter alterations occur before disease onset. 
DWI research in subclinical populations is limited to a few studies and is 
heterogeneous. One study showed that psychosis-like personality traits 
are negatively associated with FA located in the ATR, genu of the corpus 
callosum, uncinate fasciculus (UF) and IFOF (88). And another study in 
individuals at ultra-high risk for psychosis showed lower FA compared to 
healthy controls in SLF (89). Especially during adolescence, the detection 
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of developmental disturbance may be important. It is during this phase 
that psychopathology starts to emerge with several environmental factors 
involved. White matter plasticity may hold a key role in elucidating this 
process.

White matter plasticity 
The brain can, to a certain extent, adapt to a changing environment and can 
refi ne or weaken white matter connections. The time frame in which white 
matter plasticity takes place ranges from one day to months. Attempts to 
explore white matter plasticity provided evidence that working memory 
training can lead to increased FA in left parietal and frontal white matter, 
whereas meditation training may result in increased FA in corpus callosum 
and medial anterior corona radiata (90). Currently, there remains a dearth 
of knowledge on white matter plasticity in individuals with subclinical 
psychosis at the mild end of the psychosis spectrum, as well as in psychotic 
disorder.

Reward anticipation alterations in psychotic disorder and 
subclinical psychosis
The dopamine hypothesis
Besides the structural alterations related to (the emergence of) psychotic 
disorder, many functional alterations take place. In psychotic disorder, 
the dopamine hypothesis is a long standing hypothesis and has been 
developed and indeed has been researched a lot since the discovery of 
antipsychotic medication (91). Dopamine is a neurotransmitter in the brain 
that is involved in eight distinct circuits. Especially dopamine D

2 receptor 
functioning is a main target in the treatment of psychotic disorder. The 
basis for this originates from research on two specifi c dopamine circuits; 
the mesolimbic and the mesocortical pathway. The mesolimbic pathway, the 
main reward pathway, originates in the ventral tegmental area (VTA) and 
projects via the ventral striatum (VS) to regions in the frontal lobe that are 
related to the limbic system. It is thought to mediate incentive salience (i.e. 
desire and want) to a rewarding stimulus and the perception of pleasure. 
The nucleus accumbens (NAC), embedded in the VS, holds a central role in 
the reward system by mediating the process of reward valuing (92). Valuing 
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happens when a rewarding stimulus is presented and processed, resulting 
in dopamine release in the NAC. The mesocortical pathway also originates 
in the VTA and projects to the prefrontal cortex. This pathway is thought 
to mediate basic cognitive tasks, emotional responses and motivation. The 
two pathways may have a central role in explaining symptoms related to 
psychotic disorder. Positive symptoms have traditionally been related to 
the mesolimbic pathway, while negative symptoms are hypothesized to be 
related to the mesocortical pathway (93), although this is a simplifi cation as 
negative symptoms can well be explained from mesolimbic alterations and 
many other neurotransmitters are involved. Aberrant salience in psychotic 
disorder is proposed as an over-attribution of meaning and motivational 
value to irrelevant stimuli (94), which can be attributed to dysfunction of 
the reward system.

FMRI reward anticipation 
In psychotic disorder, the reward system has been extensively investigated, 
specifi cally the anticipation of reward as a concept of aberrant salience. 
With the application of fMRI, these mechanisms can be explored and have 
shown hypo-activation in the VS during reward anticipation in psychotic 
disorder (95). This hypo-activation has been widely reported, but research 
at the phenotypic level of subclinical psychotic experiences is less abundant 
and more inconsistent. Two studies found hypo-activation in the VS during 
reward anticipation in ultra-high risk samples compared to healthy controls 
(96, 97), while two other studies found no differences (98, 99). Another 
study using polygenetic risk profi le scores (PRS) for psychosis showed 
a positive association between PRS and VS activation during reward 
anticipation (100). The monetary incentive delay task (MIDt) has been 
developed to examine reward anticipation during fMRI recording (101, 
102). In the MIDt, participants can win money or prevent losing money 
by making the correct decisions. The task has been designed to invoke 
activation related to reward anticipation in the ventral striatum, ventral 
medial prefrontal cortex (VMPFC), and VTA. One of the aims of this thesis 
was to investigate reward anticipation in a sample with subclinical psychotic 
experiences.
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ESM and brain structural changes
Research on the link between daily life behavioral (measured via ESM) 
and white matter alterations is limited. However, it remains important to 
associate both techniques in order to get a better understanding of the 
working mechanisms underlying the early stages of a disorder. Everyday life 
experiences (103) and physical or mental skill acquisition (104) can have 
an effect on brain structure. These changes might occur due to changes 
in impulse transmission through spatially distinct, but functionally related 
regions (105). A daily life self-monitoring measurement tool such as ESM 
contributes to the evaluation of behavioral alterations in early stages of 
illness and may contribute to early detection. Moreover, as a feedback 
tool and platform for therapy exercises, it may help individuals in building 
resilience. Therefore, it would be interesting to know whether early 
behavioral changes occur in parallel with early brain changes and can be 
detected in early developmental stages. As said before, ESM has, besides 
monitoring, a role in feedback and in exercises as part of psychological 
training, such as Acceptance and Commitment Therapy (ACT). This third-
generation behavioral therapy might be of great importance in populations 
with subclinical psychopathology targeting mild symptoms (106). As a 
potential early intervention, it may help young people to better understand 
and deal with their complaints. Integration of ACT in daily life is important 
to go beyond clinical care outside of the caretakers’ offi ce. Thus, integrating 
daily life symptomatology with therapeutic mechanisms, and combining 
it with biological mechanisms, may contribute to better understanding 
of cerebral mechanisms and brain plasticity in individuals with psychosis 
spectrum syndromes or symptoms. 
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Sample descriptions
Genetic Risk and Outcome of Psychosis (G.R.O.U.P.)
The data were collected in collaboration within a consortium (the 
academic psychiatric hospitals of Utrecht, Groningen, Amsterdam and 
their affi liations) in an observational cohort study entitled Genetic Risk 
and Outcome of Psychosis (G.R.O.U.P.) in the Netherlands. This study was 
conducted from April 2004 till December 2013 aiming at understanding 
the interplay between genetic, biological, psychological and social factors. 
The baseline assessment consisted of 1120 patients with psychotic disorder, 
1057 healthy siblings of the patients, 919 parents and 590 unrelated healthy 
controls (107). Data included symptomatology measures, blood samples, 
urine samples, and risk and protective factors. In Maastricht, additionally, 
MRI scans were acquired using a 3T Allegra syngo MR A30 Siemens scanner. 
The fi rst part of this thesis describes studies performed (in part) with this 
sample. 

Smartscan
The Self-Management of Altered environmental Reactivity Training 
SCANning (Smartscan) was an intervention project applying ACT-related 
self-management techniques for early expression of psychopathology. 
This experimental randomized controlled trial (RCT) study aimed at 
linking neural and mental state reactivity in a sample of young adolescents 
(16-25 years old). In total 199 participants were included in the study, 
who received an extensive assessment including psychiatric interview, 
neuropsychological testing, blood sample, ESM and MRI. Smartscan had 
an RCT embedded in the project design and the same assessment was 
conducted after the intervention. A total of 53 participants were included 
in the RCT and randomized for ACT or topic discussion group conditions. 
MRI scans for this project were acquired at Scannexus Maastricht using a 
3T Prisma Siemens scanner. The second part of this thesis describes studies 
conducted with (a subgroup of) this sample. 
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Aim of this thesis
The overall aim of this thesis was to examine cerebral pathways in order to 
understand, at the biological cerebral level, the psychological mechanisms 
underlying the psychosis spectrum. The pathways in this context are the 
white matter connections in the brain. Both extremes of the psychosis 
spectrum, ranging from subclinical psychotic experience to schizophrenia, 
were investigated. Details of white matter composition included fractional 
anisotropy, axial diffusivity, radial diffusivity, mean diffusivity and the network 
measures global/local effi ciency and clustering coeffi cient. Effects of a 
psychological intervention (ACT) on these white matter parameters were 
explored. Furthermore, the thesis reports on reward anticipation in a 
sample with subclinical psychotic experiences.
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Thesis outline
The fi rst part of the thesis reports on the GROUP study. In the study 
described in chapter 2, details on white matter alteration in patients 
with psychotic disorder and their healthy siblings are described. It was 
hypothesized that more detailed measures would provide additional 
information on white matter ‘integrity’ besides the frequently used 
fractional anisotropy (FA) measure. This was investigated with the use of 
axial (AXD), radial (RAD) and mean (MD) diffusivity and tensor shape 
measures (case linear, case planar and case spherical). In chapter 3 the 
inter-regional network connectivity was examined in the same sample. 
It was hypothesized that graph theory would show structural network-
connectivity decreases in psychotic disorder.
Part two comprises three studies from the Smartscan project. On a brain 
functional level, it was expected that reward anticipation within a sample 
of youngsters with mild psychopathology/psychotic experiences from the 
general population, would be decreased in specifi c reward related regions 
such as the ventral striatum and ventral tegmental area, as described in 
chapter 4. Chapter 5 examined structural white matter alterations, in line 
with previous research on psychotic disorder, it was hypothesized that in 
this sample of emerging adults white matter integrity (as measured via FA) 
would be decreased, myelination would be decreased and network-based 
connectivity would also be altered. The evaluation of the effects of an ACT 
intervention in the same individuals with mild psychopathology, applied 
through an RCT design, has been explained in chapter 6. It was anticipated 
that the intervention would decrease symptomatology, increase daily life 
functioning and restore white matter connections. The general discussion 
(chapter 7) provides a critical appraisal of the signifi cance and clinical 
implications of the fi ndings. 
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Abstract
Background: Diffusion Tensor Imaging (DTI) studies in psychotic 
disorder have shown reduced FA, often interpreted as disturbed white 
matter integrity. The observed ‘dysintegrity’ may be of multifactorial 
origin, as changes in FA are thought to refl ect a combination of changes 
in myelination, fi ber organization and number of axons. Examining the 
structural substrate of the diffusion tensor in individuals with (risk for) 
psychotic disorder may provide better understanding of the underlying 
structural changes.
Methods: DTI scans were acquired from 85 patients with psychotic 
disorder, 93 siblings of patients with psychotic disorder and 80 controls. 
Cross-sectional group comparisons were performed using Tract-Based 
Spatial Statistics (TBSS) on six DTI measures: axial diffusivity (AXD), radial 
diffusivity (RD), mean diffusivity (MD), and the case linear (CL), case planar 
(CP) and case spherical (CS) tensor shape measures. 
Results: AXD did not differ between the groups. RD and CS values were 
signifi cantly increased in patients compared to controls and siblings, with 
no signifi cant differences between the latter two groups. MD was higher 
in patients compared to controls (but not siblings), with no difference 
between siblings and controls. CL was smaller in patients than in siblings 
and controls, and CP was smaller in both patients and siblings as compared 
to controls. 
Conclusion: The differences between individuals with psychotic disorder 
and healthy controls, derived from detailed diffusion data analyses, suggest 
less fi ber orientation and increased free water movement in the patients. 
There was some evidence for association with familial risk expressed by 
decreased fi ber orientation. 
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Introduction
White matter integrity changes in psychotic disorder can be examined by 
measuring fractional anisotropy (FA). However, the FA provides information 
on white matter integrity combining myelination, fi ber organization and 
number of axons in a single measure, making it a rather non-specifi c 
measure (1, 2). A systematic review on voxel-wise diffusion-weighted 
imaging (DWI) studies in psychotic disorder reported reduction of 
FA in the left frontal lobe and the temporal lobe (3). In addition, lower 
FA in the splenium of the corpus callosum and the cingulum bundle 
may also be associated with psychotic disorder (4, 5). A more recent 
study found decreased FA in the right temporal lobe in a group with 
schizotypal personality disorder (6). Furthermore, a review on early 
onset schizophrenia showed a widespread lower FA in patients relative to 
controls (7). The available evidence for individuals at higher than average 
genetic risk suggest that white matter integrity is reduced, compared 
with healthy controls, in the corpus callosum (8), the inferior longitudinal 
fasciculus, the left inferior fronto-occipital fasciculus (9) and the superior 
longitudinal fasciculus (10-12), although not all studies agree (4).
As described above, FA alterations may have several origins. Therefore, 
additional DWI measures that provide more specifi c information on 
white matter integrity in psychotic disorder may be of interest. The axial 
diffusivity (AXD) describes the diffusion of water diffusion parallel to the 
white matter tracts (λ1, see Fig. 1) and may refl ect axonal function related 
to the number of axons. A decrease in AXD may be indicative of axonal 
injury/loss (13). The radial diffusivity (RD) measures the diffusion of water 
perpendicular to the white matter tracts and may be a marker for myelin 
content; an increase in RD indicates demyelination (14, 15). Previous 
literature suggests that the disruption of connectivity in psychotic disorder 
may be associated with dysfunction in myelin maintenance and repair and 
less with a decrease in the number of axons (16, 17). Indeed, higher RD 
in the bilateral cortico-spinal tracts, left arcuate fasciculus (18) and right 
superior longitudinal fasciculus (17) have been reported. 
Mean diffusivity (MD) measures the total water diffusion; increased MD 
may indicate an increase in the cellular or interstitial fl uid compartments 
(19). Psychotic disorder has consistently been associated with increased 
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ventricular enlargement and an overall increase in cerebrospinal fl uid (CSF) 
(20). This cerebrospinal fl uid increase may originate from specifi c white 
matter alterations, such as demyelination. For example, previous studies 
on psychotic disorder have found an increase in free water movement 
(increased RD and MD) for commissural fi bers and projection fi bers (21). 

Figure 1. Diffusion tensor model depicted by three eigenvectors.

AXD and RD are related to respectively diffusion parallel and perpendicular 
to the of fi ber tracts, while geometrical measures (tensor shapes) 
take all three eigenvalues into account (Fig. 1). With the tensor shape 
representation method, more knowledge on white matter composition, can 
be provided by specifying the linear (CL), spherical (CS), and planar (CP) 
tensor shape measures (22). An increase in CL may be related to increased 
anisotropy, which is associated with fi bers being more oriented in one 
primary direction. In highly organized and myelinated white matter regions, 
such as the corpus callosum, CL will be high (22, 23). 
CS is related to the diffusion of water in any direction, having no profound 
preferable direction. In highly isotropic matter, such as cerebrospinal fl uid, 
the CS will be high because water molecules can go in any direction not 
having one distinct preference. The more isotropic, the more spherical 
(CS towards one) the tensor becomes. CP is probably associated with 
fi ber orientation and structure (23). High CP refl ects areas with increased 
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complexity of the fi ber orientation (22). The more crossing, kissing and 
twisting of the fi bers in a plane, the more complex the fi ber structure 
becomes and the higher the CP. High CP can, for example, be found in the 
arcuate fasciculus, because of the crossing and twisting of fi bers and overlap 
of gray matter (23).

Previously, we examined FA in the same sample as described in the present 
study, and found dispersed FA was reduced in the patient group (Domen 
et al, 2013). We now examined structural disconnectivity at a more 
fi ne-grained level, using the above-described six DWI measures. It was 
hypothesized that individuals with (risk of) psychotic disorder have altered 
DWI shape measures and that these are caused by alterations in fi ber 
complexity and increased isotropic diffusion. 

Results
Demographics and clinical data
Table 1 shows the demographic characteristics. Patients had a lower 
educational level compared to controls and siblings, and the proportion 
of males in the patient group was different from the control group. The 
frequency of lifetime cannabis and other drug use was higher in patients 
than in controls and siblings (Table 1).
Most of the patients were receiving antipsychotic medication (second 
generation: n = 67; fi rst generation: n = 3). The mean current dosage of 
antipsychotic medication in terms of standard haloperidol equivalents was 
5.5 milligrams (mg) (SD = 4.6). A total of 16 patients used antidepressants, 
6 used benzodiazepines, 5 used anticonvulsants, and 2 used lithium. Three 
siblings and 3 control participants used antidepressants, and one control 
participant used benzodiazepines.
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Table 1. Demographical characteristics.

 Controls (n=80) Siblings (n=93) Patients (n=85)

Age (years) 30.8±10.8 29.4±8.8 28.3±7.0
Handedness 76.3 73.9 72.9
Education (level) 5.4±1.8 5.1±2.1 4.1±2.0
Male sex (%) 29 (36%) 49 (53%) 58 (68%)
Age of onset (years) - - 22.8±6.4
Illness duration (years) - - 5.4±3.6
Antipsychotics a - - 6692.71±6254.18
Cannabis (lifetime) b 7.8±21.9 19.3±37.2 44.0±47.0
Other drugs (lifetime) b 0.90±4.7 6.2±31.4 42.4±90.8
Alcohol c 5.0±7.0 9.8±17.3 5.0±9.1
PANSS
   Positive symptoms 7.3±1.1 7.3±0.9 10.4±5.0
   Negative symptoms 8.2±1.0 8.4±2.0 12.0±5.9
   Disorganization 10.2±1.2 10.3±0.7 12.5±4.1
   Excitement 8.3±1.1 8.6±1.4 9.7±2.7
   Emotional distress 9.2±2.1 9.9±2.6 13.2±5.2

Means ± standard deviations are reported.

Abbreviations: PANSS, Positive and Negative Syndrome Scale
a Lifetime exposure in haloperidol equivalents.
b Lifetime mean number of times of substance use. 
c Weekly consumption during last 12 months.

Whole brain differences in DWI measures
The reported skeleton mean values were calculated in R and the reported 
number of voxels were derived from randomise (P<0.05 and P<0.01; see 
Supplemental information) and this is true for all measures presented 
below.
Axial diffusivity
The mean AXD value did not show signifi cant differences between the 
groups in any of the six comparisons. 
Radial diffusivity
The mean RD value was signifi cantly higher in patients (0.00052 mm2/s) 
compared to controls (0.00050 mm2/s) in 12838 voxels dispersed over 
the brain (Figure 2A). The following brain areas were signifi cant using a 
more conservative threshold P<0.01: right anterior limb internal capsule, 
bilateral retrolenticular part of internal capsule, bilateral anterior/superior/
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posterior corona radiata, bilateral posterior corona radiata, bilateral saggital 
striatum, bilateral external capsule, right superior longitudinal fasciculus, 
right superior fronto-occipital fasciculus, right uncinate fasciculus, bilateral 
tapetum and corpus callosum fi bers (total number of voxels: 12048). In 
addition, the mean RD value was signifi cantly higher in patients compared 
to siblings (0.00050 mm2/s) in a total of 13275 voxels dispersed over the 
brain (Figure 2B). The brain areas that survived the threshold of P<0.01 
were: bilateral anterior/superior/posterior corona radiata and corpus 
callosum fi bers (total number of voxels: 8886). The RD value of siblings was 
not signifi cantly different from controls.

Figure 2. Statistical signifi cance maps for RD (A: patients > controls and B: 
patients > siblings) and MD (C: patients > controls) overlaid on the white 
matter skeleton (in green) and the standard MNI space (Z=98). The patient-
sibling comparison for MD did not show any signifi cant differences. Images 
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are radiologically oriented (participant’s left is to the right).

Mean diffusivity
The mean MD value was higher in patients (0.00079 mm2/s) compared to 
controls (0.00078 mm2/s) in 7503 signifi cant voxels (Figure 2C). Most voxels 
with higher MD values were found in bilateral projection and commissural 
fi bers. The brain areas that survived the threshold of P<0.01 were: bilateral 
retrolenticular part of internal capsule, bilateral anterior/superior corona 
radiata and corpus callosum fi bers (total number of voxels: 5552). Patients 
had a slightly higher mean MD than siblings (0.00079 mm2/s), but not at the 
a priori set signifi cance threshold. The mean MD value of siblings was not 
signifi cantly different from controls.

Linear shape measure
The CL measure showed a lower value in patients (0.5273) compared to 
controls (0.5370) in 4715 signifi cant voxels. Atlas labeling showed that all 
fi ber types had decreased values, with a larger number of voxels in the 
right hemisphere (3037 voxels) than in the left hemisphere (1678 voxels) 
for patients compared to controls (Figure 3A). The left superior corona 
radiata, and the body of the corpus callosum (total number of voxels: 1929) 
were upheld using the threshold of P<0.01. The patients had a lower CL 
compared to siblings (0.5348) in 10460 signifi cant voxels, with a slightly 
higher number of voxels in the right hemisphere for the projection and 
association fi bers (Table 2 and Figure 3B). Using a more conservative 
threshold P<0.01 the following regions were upheld: right anterior limb of 
internal capsule, bilateral anterior/superior corona radiata, right posterior 
corona radiata, right external capsule, right superior longitudinal fasciculus, 
right superior fronto-occipital fasciculus and the corpus callosum fi bers 
(total number of voxels: 7748). The CL was lower in siblings compared to 
controls, but there was no signifi cant difference.
Planar shape measure
The case planar (CP) showed a lower value in patients (0.1550) compared 
to controls (0.1567) in 6498 signifi cant voxels. The decreased CP in patients 
over controls was more profound in the left hemisphere (4089 voxels) 
than in the right hemisphere (2409 voxels), and located in the projection 
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and commissural fi bers (Table 2). The following brain areas were signifi cant 
using a more conservative threshold P<0.01: left anterior/posterior limb 
of internal capsule, right retrolenticular part of internal capsule, bilateral 
anterior/superior/posterior corona radiata, left superior fronto-occipital 
fasciculus and the corpus callosum fi bers (total number of voxels: 6462). 
Similarly, CP values were lower in siblings (0.1554) than in controls (0.1567) 
in 4200 signifi cant voxels, with more voxels in the left (2819 voxels) than 
in the right (1381 voxels) hemisphere, and located in the projection and 
commissural fi bers (Table 2). The bilateral anterior corona radiata, left 
superior corona radiata and genu/body of the corpus callosum (total 
number of voxels: 3431) survived the more conservative thresholding.
Spherical shape measure
The CS measure was higher in patients (0.3177) compared to controls 
(0.3063) in 17611 signifi cant voxels (Figure 3C). The following brain areas 
were signifi cant using a more conservative threshold P<0.01: bilateral 
anterior/posterior limb internal capsule, bilateral retrolenticular part 
of internal capsule, bilateral anterior/superior/posterior corona radiata, 
bilateral posterior corona radiata, right sagittal striatum, bilateral external 
capsule, left cingulum, bilateral fornix, bilateral superior longitudinal 
fasciculus, bilateral superior fronto-occipital fasciculus, right uncinate 
fasciculus, bilateral tapetum and corpus callosum fi bers (total number of 
voxels: 17253). In addition, the CS was higher in patients compared to 
siblings (0.3099) in 13909 signifi cant voxels (Figure 3D). The fi ndings in 
the left retrolenticular part of internal capsule, bilateral anterior/superior/
posterior corona radiata, bilateral posterior thalamic radiation, right 
superior longitudinal fasciculus, bilateral tapetum and the corpus callosum 
fi bers (total number of voxels: 11190) were upheld at P<0.01. Increased 
CS in patients and siblings was found in many white matter areas, with no 
signifi cant difference between siblings and controls (Table 2). The areas with 
increased CS and decreased CL were partly overlapping. 
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Table 2. Number of signifi cant voxels by fi ber type for the geometrical DWI 
measures (case linear (CL), case planar (CP) and case spherical (CS)) in the 
group comparisons.

CL CP CS

Type
Patients

<
controls

Patients
<

siblings

Patients
<

controls

Siblings
<

controls

Patients
>

controls

Patients
>

siblings
Total

Projection 1743 4696 2602 1215 8485 6594
Association 930 1719 34 0 3532 1836
Commissural 2042 4045 3862 2985 5594 5479
Left
Projection 388 1963 2064 948 4072 3569
Association 374 808 34 0 1820 1155
Commissural 916 2057 1991 1871 2810 2777
Right
Projection 1355 2733 538 267 4413 3025
Association 556 911 0 0 1712 681
Commissural 1126 1988 1871 1114 2784 2702

Results from tract-based spatial statistics. Table shows number of voxels at the P<0.05 

threshold. Note: Not all signifi cant voxels were labeled, because the atlas did not cover the 

entire skeleton.
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Figure 3. Statistical signifi cance maps for CL (A: patients < controls and B: 
patients < siblings) and CS (C: patients > controls and D: patients > siblings) 
overlaid on the white matter skeleton (in green) and the standard MNI 
space (Z=95). Images are radiologically oriented (participant’s left is to the 
right).
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Models with drug- and medication use
Cannabis and other drug use
Tract-based spatial statistics analyses did not show major differences in 
the amount of voxels detected in atlas labels when controlled for cannabis 
and other drug use (see supplementary Tables 1 - 4). Generally, the amount 
of signifi cant voxels in all DWI measures increased slightly, and in some 
instances decreased slightly, when controlled for cannabis and other drugs. 
Antipsychotic medication use
Controlling for medication use in tract-based spatial statistics showed 
an overall decrease of 4% in the amount of signifi cant voxels detected in 
all group comparisons, with an exception for the CL measure where an 
increase in the patient-sibling comparison (projection fi bers 2% for both left 
and right hemispheres) was found. Also the CS measure showed an increase 
in the amount of voxels in the patient-sibling comparison (10% projection 
fi bers and 19% association fi bers right side) (data available on request). 
There was no main effect of medication on the outcome measures. AP 
Antipsychotic medication use lifetime was non-signifi cantly associated with 
any of the DWI measures in patients (AXD: B = -7.49 x 10-11 P = 0.933; RD: 
B = -1.42 x 10-10, P = 0.815; MD: B = -1.21 x 10-10, P = 0.845; CL: B = -1.57 x 
10-7, P = 0.679; CP: B = 8.25 x 10-8, P = 0.588; CS: B = 5.88 x 10-8, P = 0.884). 

Discussion
The results from this study in individuals with (increased risk for) psychotic 
disorder provide novel insights into microstructural connectivity and 
suggest less fi ber orientation and increased free water movement in the 
patients. The study, showed an increase in RD in patients compared to 
controls and siblings, with no differences between the latter two groups. 
MD was increased in patients compared to controls, whereas AXD was 
not different between the groups. Furthermore, there was evidence for 
increased CS and decreased CL in patients compared to both controls 
and siblings. CP, in comparison with controls, showed a decrease in both 
patients and siblings.

Non-FA diffusivity measures
The absence of differences in AXD between patients and controls is 
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consistent with previous whole brain voxel-wise studies (21, 24-28), 
denoting preservation of axonal cells in the white matter (13). This 
indicates that the decrease in FA in the patients, as reported previously 
(4), may not be related to a reduction in the number of axons. The results 
suggest that this also applies to individuals at higher than average genetic 
risk for schizophrenia. Only one previous study included siblings: this study 
reported, fi nding decreased AXD, although however in a much smaller 
sample (n=33) and based on a region of interest analysis of language fi ber 
connections (6).
The current study showed an increase in RD in patients compared to 
controls and siblings. Increased RD may refl ect myelin loss rather than 
changes in the number of axons, as demonstrated in an animal study (29). 
These demyelineation processes (and less directed fi bers) may also occur 
in human white matter (30). In the present study, clusters of signifi cantly 
increased RD were dispersed over the brain and also represented in the 
corpus callosum of patients with psychotic disorder. Previous whole brain 
voxel-wise studies (28, 31-34) and ROI region of interest based studies (35-
37) in psychotic disorder have found similar increases in RD, although some 
ROI region of interest studies reported reduced RD in specifi c areas (26, 
32, 38). In addition, increased RD has been found in individuals at ultra high-
risk for psychotic disorder (38), suggesting that alterations may already be 
present in the prodromal stages. Similarly, RD changes in the left anterior 
thalamic radiation may be apparent in specifi c stages of psychotic disorder 
(39). In the current study, fewer areas with increased RD were present in 
the patient-sibling comparison than in the patient-control comparison. This 
might hint to less difference in RD between patients and siblings compared 
to patients and controls. 
MD was increased in patients compared to controls. An increase of free 
water molecules in the white matter may indicate an increase of isotropy 
and therefore an increase in MD. The MD can be seen as a marker for 
microstructural changes related to cerebrospinal fl uid increase in psychotic 
disorder (19). However, MD captures the overall mean water molecular 
displacement in a volume (40), representing a non-specifi c measure and 
therefore unable to point to myelin or axonal alterations (2). Increased 
MD in patients with psychotic disorder compared to healthy controls 
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has been demonstrated in previous studies (10, 27, 41) and concurs with 
the extensive literature on cerebrospinal fl uid abnormalities in psychotic 
disorder (19). The MD increase in the present study was mainly localized 
in areas close to the lateral ventricles, which may be partly due to 
cerebrospinal fl uid contamination (42). From the current cross-sectional 
data-analyses, it is unclear whether cerebrospinal fl uid alterations are cause 
or consequence of demyelination processes in nearby white matter tracts, 
though there is some evidence for an infl uence of increased cerebrospinal 
fl uid on white matter myelin composition (19). The MD in siblings did 
not differ signifi cantly from MD in patients and controls, although siblings 
displayed intermediate MD values. In the sparse literature on MD to date 
there is no evidence of MD alterations in siblings as compared to healthy 
controls, and no evidence for an MD intermediate phenotype (10, 43). It 
cannot be ruled out that (part of the) MD alterations are caused by the 
complexity of the white matter microstructure (44). While the fi ndings in 
AXD are in line with the literature some caution should be taken when 
interpreting the RD and MD fi ndings.

Tensor shape measures
Besides the AXD and RD previously described, CL, CP, and CS may provide 
more specifi c information on alterations in psychotic disorder by measuring 
geometrical tensor properties (45). The tensor shape can be changed due 
to several factors and provides specifi c information on fi ber orientation. 
Interestingly, CS was signifi cantly increased in many white matter areas in 
patients compared to siblings and controls, with no signifi cant difference 
between the latter, although with an intermediate position for the siblings. 
This may imply that the amount of CSF cerebrospinal fl uid is increased in 
these white matter areas, given that in cerebrospinal fl uid the isotropy is 
maximized (22). However, whether microstructural white matter changes 
lead to increased cerebrospinal fl uid or vice versa warrants further 
investigation. 
In contrast to CS increase, CL was signifi cantly decreased in patients 
compared to controls and siblings, again with an intermediate position for 
siblings. The decrease in CL may refl ect less oriented fi bers or alterations 
in the myelin sheets (22). Many white matter fi bers showed a generally 
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decreased CL and increased CS in patients compared to controls (see Table 
2). 
CP is thought to be associated with fi ber orientation. The fi nding of 
lower CP in both patients and siblings compared to controls may refl ect 
less crossing and twisting fi bers, making the white matter structure less 
oriented (23). The left superior fronto-occipital fasciculus (interconnecting 
the occipital and frontal lobe) showed lower CP in patients compared 
to controls. These alterations may be related to auditory and/or visual 
hallucinations, as described by De Weijer and colleagues (18). In addition, 
fi bers connecting the internal capsule showed lower CP mainly in the left 
hemisphere in patients and siblings. Furthermore, a third area with lower 
CP in both patients and siblings, compared to controls, was the corpus 
callosum. However, fi ndings in CP have to be interpreted with caution, since 
noise in the data may infl uence this measure more than the other tensor 
shape measures (23). 
In conclusion, these new fi ndings on tensor shape measures in psychotic 
disorder may hint at alterations in fi ber orientation rather than axonal loss. 
In addition, increased CS in combination with decreased CL and CP was 
found. 

Cannabis use
Most fi bers showed slight increases and some showed slight decreases 
in the amount of signifi cant voxels when adding cannabis and other drug 
use to the tract-based spatial statistics models. In general, there was no 
evidence for major effects of these substances on any of the outcome 
measures. This fi ts with previous cross-sectional studies showing absence 
of associations between cannabis and white matter structure (4, 46-48). 
However, a study of patients with adolescent-onset psychotic disorder 
with early cannabis use showed FA decrease in the internal capsule, corona 
radiata and superior and inferior longitudinal fasciculus with respect to 
controls (49). The study sample described by James and colleagues included 
relatively young participants compared to our sample and as white matter is 
still developing during adolescence, the impact of cannabis use may be more 
prominent in this stage of life. This is supported by a recent longitudinal, 18-
months follow-up, study in adolescents with early onset psychotic disorder, 
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showing that cannabis use during adolescence may lead to a decrease in 
FA in the left inferior longitudinal fasciculus and the left inferior fronto-
occipital fasciculus (50). As stated in recent reviews (51, 52), more research 
is needed on the impact of cannabis use on risk for psychotic disorder.

Medication use
The results showed that there was a decrease in the amount of signifi cant 
voxels for most of the outcome measures after correcting for cumulative 
antipsychotic medication exposure. However, there was no evidence for a 
main effect of antipsychotic medication on the six outcome measures. The 
exact infl uence of antipsychotic medication on FA alterations is not clear (4, 
53). However, a longitudinal study has described increased FA values after 
12 weeks of clozapine exposure (54). Another longitudinal study reported 
that AXD decreased (indicative of axonal loss) and RD increased (indicative 
of myelin preservation) over time, in response to antipsychotic medication 
use (55). Therefore, the infl uence of antipsychotic medication on myelin and 
axons within the white matter needs further attention and investigation. 

Methodological considerations
A tract-based spatial statistics processing stream was used, in which only 
the white matter in the skeleton was taken into the analysis. This method 
reduces the amount of voxels and focuses only on the core of the main 
white matter tracts making it robust for group comparisons. Although 
this method is widely used, some detail on the white matter is lost and it 
may not be sensitive to detect changes in peripheral regions located on 
the skeleton (56). Moreover, the skeleton thickness and thus the statistical 
power depends on the orientation of the brain in the scanner (56). Finally, 
as with all voxel-based methods, registration of the FA data to a template 
may cause both type I and II errors (57).
Related to this consideration is the atlas labeling method. Most of the 
voxels, but not all, got a label and arbitrary borders are set in the specifi c 
atlases used. Therefore, some signifi cant voxels located closely to borders 
were not assigned to the specifi c area delineated by the atlas. 
Interpretation of the outcomes of the study is limited to the millimeter 
scale resolution, capturing many individual cells, while several processes 
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like demyelination and axonal loss can take place within a single voxel (58). 
With the protocol used it may not be possible to disambiguate the effects 
of microstructural architecture and pathological processes on our fi ndings. 
More advanced scan acquisitions and analysis techniques are required to 
accomplish this complex task (59).
Since the application of tensor shape measures in psychotic disorder 
is relatively new, the results need replication. In addition, post-mortem 
research can add to the biological understanding of changes in diffusion 
tensor shape measures. Longitudinal assessment of shape measures may 
contribute to further interpretation and understanding of these measures 
in the neurobiology of psychotic disorder.

Conclusion
The study showed that geometrical tensor shape diffusion tensor measures 
might contribute to our understanding of the neurobiological alterations 
vulnerability associated with psychotic disorder. Patients with psychotic 
disorder, and in part their siblings, showed changes at the level of white 
matter and may be related to alterations in fi ber orientation rather than 
number of axons. The data support the notion that cerebral vulnerability 
underlying psychotic disorder may be detectable in white matter. 

Methods and Materials
Participants
Data was collected in the context of a multicenter longitudinal study 
(Genetic Risk and Outcome of Psychosis, G.R.O.U.P) in the Netherlands. 
In selected representative geographical areas in the Netherlands and 
neighboring Belgium, patients were identifi ed through representative 
clinicians providing health care for those with psychotic disorder. Siblings 
were contacted through participating patients. Mailings and advertisements 
were effectuated in local newspapers of the same geographical area in 
order to recruit control participants. The total sample consisted of 258 
participants: 85 patients with a psychotic disorder, 93 siblings without a 
psychotic disorder and 80 healthy controls. Familial relatedness of the 
participants has been described previously (4). For the current analyses, 
baseline data were used.
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Inclusion criteria were: age range 16-50 years, a good command of 
Dutch language and for patients: a diagnosis of non-affective psychotic 
disorder with an illness duration of <10 years. Siblings and controls did 
not have a lifetime diagnosis of any non-affective psychotic disorder. In 
addition, controls had no fi rst-degree relative with a lifetime diagnosis of 
any psychotic disorder, assessed using the Family Interview for Genetic 
Studies (FIGS) (60). Diagnosis was based on the Diagnostic and Statistical 
Manual of Mental Disorder-IV (DSM-IV) criteria (61), measured with 
the Comprehensive Assessment of Symptoms and History (CASH) 
interview (62). Patients were diagnosed as follows: schizophrenia (n=59), 
schizoaffective disorder (n=9), schizophreniform disorder (n=4), brief 
psychotic disorder (n=2), and psychotic disorder not otherwise specifi ed 
(n=11). Psychopathology in the siblings and controls was also assessed and 
respectively 18 and 12 participants had a history of a major depressive 
disorder. None of these met the criteria for a current depressive episode.
All participants were screened before MRI scanning using the following 
exclusion criteria: brain injury with unconsciousness of > than 1 hour, 
meningitis or other neurological diseases with possible impact on brain 
structure or function, cardiac arrhythmia requiring medical treatment and 
severe claustrophobia. In addition, participants with metal corpora aliena 
were excluded from the study, as were women with intrauterine device 
status and (suspected) pregnancy. 
The standing ethics committee approved the study protocol, and all 
the participants gave written informed consent in accordance with the 
committee’s guidelines. 

Measures
Level of psychotic symptomatology at the time of scanning was assessed 
with the Positive and Negative Symptom Scale (PANSS) (63) in all three 
groups. The fi ve factor model by van der Gaag and colleagues (64) was used. 
Level of education was defi ned as the highest accomplished level of 
education. 
Handedness was assessed using the Annett Handedness Scale (65), ranging 
from +100 (fully right-handed) to -100 (fully left-handed).
In the patient group, antipsychotic medication use was determined by 
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patient report and verifi ed with the treating consultant psychiatrist. Best 
estimate lifetime (cumulative) antipsychotic medication use was determined 
by multiplying the number of days of antipsychotic medication use with 
the corresponding haloperidol equivalents and summing these scores for 
all periods of antipsychotic medication use (including the exposure period 
between baseline assessment for the G.R.O.U.P. study and the moment 
of baseline MRI scanning), using the standard conversion formulas for 
antipsychotic medication AP dose equivalents described by Andreasen and 
colleagues (66).
Substance use was measured with the Composite International Diagnostic 
Interview (CIDI) sections B-J-L (67). Use of cannabis and other drugs was 
assessed as reported frequency of use during the last 12 months, as well as 
lifetime use. CIDI frequency data on lifetime cannabis and other drug use 
was available for respectively 250 participants (3% missing data) and 256 
participants (1% missing data). 
Alcohol use was defi ned as the reported number of weekly consumptions 
during the last 12 months. 

MRI data acquisition
Magnetic resonance imaging scans were obtained at Maastricht University, 
the Netherlands, using an Allegra syngo MR A30 (Siemens, Erlangen, 
Germany) operating at 3.0 Tesla. The following anatomical scan parameters 
were used: Modifi ed Driven Equilibrium Fourier Transform (MDEFT) 
sequence; 176 slices, 1 mm isotropic voxel size, echo time 2.4 msec, 
repetition time 7.92 msec, inversion time 910 msec, fl ip angle 15°, total 
acquisition time 12 min 51 sec; Magnetization Prepared Rapid Acquisition 
Gradient-Echo (MPRAGE; Alzheimer’s Disease Neuroimaging Initiative) 
sequence 192 slices, 1 mm isotropic voxel size, echo time 2.6 msec, 
repetition time 2250 msec, inversion time 900 msec, fl ip angle 9°, total 
acquisition time 7 min 23 sec. The matrix size was 256 x 256 and fi eld 
of view was 256 x 256 mm2. The number of excitations was one. Two 
sequences were used because of a scanner update during data collection. 
Microstructural anatomy was examined using diffusion tensor imaging with 
an echo-planar-imaging sequence (fi eld of view 230 x 230 mm2, TR 10800 
ms, TE 84 ms, voxel size 1.8 x 1.8 x 1.8 mm³, b-value 1000 s/mm², noise 
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level 40, 85 slices, no overlap). As a result of the scanner update, two DTI 
sequences were used: one with 76 directions (of which 4 T2-weighted 
(B0) and 72 diffusion-weighted (B)), and one with 81 directions (8xB0 and 
73xB). The proportion of scans with 76 directions was balanced between 
the groups (78% in controls, 75% in siblings and 69% in patients (χ2 =1.52, 
P= 0.468), preventing any systematic bias. Total acquisition time of the DTI 
sequence was 15 minutes.

Data preprocessing
Raw DICOM images were converted to NIfTI standard using the tool 
“dcm2nii” from the MRIcron software package (68) and T1 data were 
cropped to remove slices containing background noise. All imaging data 
were visually inspected for artifacts and only data without artifacts got 
included.

DWI processing
DWI data were processed in ExploreDTI v4.8.3 (69) in a MatLab (The 
MathWorks, Inc., Natick, Massachusetts, United States) programming 
environment. Subject motion and eddy-current induced geometrical 
distortions were corrected by realigning the DW images to the B0 images 
incorporating B-matrix rotation (69). The DWI data were coregistered to 
the individual’s T1 data to correct for echo-planar imaging (EPI) distortion 
(70, 71). Next, diffusion tensors were estimated using the Robust Estimation 
of Tensors by the Outlier Rejection (RESTORE) method (72). Finally, 
eigenvalue-maps per dataset were produced providing the primary (λ1), 
secondary (λ2) and tertiary (λ3) eigenvalues sorted in decreasing order, 
all expressed in mm2/s. The AXD is equal to the λ1, RD is the average of 
λ2 and λ3 and the mean diffusivity (MD) is the average of λ1, λ2 and λ3. In 
addition, geometrical tensor shape measures CL ((λ1- λ2) / λ1), CS (λ3 / λ1) 
and CP ((λ2- λ3) / λ1) were calculated (22). All measures were calculated 
using an in-house build MatLab script.
Subsequent analysis of the six DWI measures was performed using tract-
based spatial statistics v1.2 in FSL 4.1.6 (FMRIB Analysis Group, Oxford, 
UK, http://www.fmrib.ox.ac.uk/analysis/research/tbss/TBSS). Non-linear 
registration aligned each FA volume to 1 x 1 x 1 mm standard FMRIB58_
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FA space containing a template derived from high-resolution images of 
58 participants in a well-aligned population (73). After co-registration, a 
group mean FA skeleton was derived and thresholded at 0.25 to obtain 
the major white matter pathways, to exclude smaller peripheral tracts 
that would cause excess inter-participant variability, and to diminish non-
linear registration misalignments. In addition, this threshold setting avoided 
inclusion of regions that are likely to be composed of multiple tissue types 
or fi ber orientations. Finally, each registered FA volume was projected 
onto this skeleton and concatenated into a 4D volume containing the FA 
skeletonised data to be used for voxel-wise group comparison. In a similar 
way, using the warps from the FA volumes and the thresholded FA skeleton, 
the AXD, RD, MD, CL, CP and CS 4D skeletonised data were derived for 
voxel-wise group comparisons.

Statistical analyses
Statistical voxel-wise group analysis on the AXD, RD, MD, CL, CP and CS 
skeletons was based on linear model permutation testing (74) by means 
of “randomise” in FSL (v2.1) controlling the family-wise error (FWE) (75). 
The threshold-free cluster enhancement (TFCE) option (76) was enabled 
to fi nd clusters without setting an initial cluster level. Statistical maps, 
corrected for multiple comparisons, were used for assessing differences 
between groups. A total of six contrasts per DWI measure were created 
to test for signifi cant (P<0.05) differences: i) patients have higher/lower 
outcome measures than controls, ii) siblings have higher/lower outcome 
measures than controls, and iii) patients have higher/lower outcome 
measures than siblings. The a priori hypothesized confounding variables age, 
sex, handedness and level of education and lifetime (non-) cannabis/other 
drug use were used in the statistical models. The models with and without 
drug use were compared. Additionally, cumulative antipsychotic medication 
exposure was added as an additional covariate to the model in tract-based 
spatial statistics.

A number of 10,000 permutations were applied to reduce the error 
margin to an acceptable level of 8.7%, corresponding to ±0.0044 at P=0.05. 
After the randomisation testing, the statistical maps were thresholded at 
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a level of P<0.05 (and P<0.01 to correct for multiple testing) and assigned 
with a label from a specifi c white matter tract name. Labels were taken 
from the Johns Hopkins University International Consortium for Brain 
Mapping (JHU-ICBM)-DTI-81 white-matter atlas (77) and the JHU white-
matter tractography atlas (78). Combining these two label atlases provided 
suffi cient coverage of the signifi cant voxels produced by randomise. 
All fi bers were grouped based on different types of fi ber systems: 
projection, association and commissural fi bers. This provided a total of 7 
projection and 8 association fi bers both left and right separately. The fornix 
(column and body of the fornix) and the 3 corpus callosum fi ber types 
were taken as a whole, except for the tapetum (for which left and right 
were separated). Additionally, the forceps minor and major from the JHU 
white-matter tractography atlas were included as a whole. 

To extend the tract-based spatial statistics analyses with multilevel random 
regression, taking into account the familial relatedness of the individuals, 
mean DWI value per area from all six diffusion measures were extracted 
from the TBSS tract-based spatial statistics skeleton and exported to R 
version 3.2.0 (79). Associations between group and respectively AXD, RD, 
MD, CL, CP, and CS measures were examined using a hierarchical ‘long 
format’ dataset, with the 38 regions (level 1) nested in participants (level 2) 
being part of families (level 3), with the number of voxels per region used 
as an analytic weight factor and with region as covariate. The ”lme” package 
was used to fi t these multilevel random regression models, with the six 
different DWI measures as the dependent variables and participant/family 
number modeled as random effects with age, sex, handedness and level of 
education as covariates. 
In patients, associations between the cumulative lifetime antipsychotic 
medication dose and the respective DWI measures were examined and 
expressed by regression coeffi cients (B). 
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Supplementary material

Abbreviations used:
ALIC_R = Anterior limb of internal capsule Right• 
ALIC_L = Anterior limb of internal capsule Left• 
LPLIC_R = Posterior limb of internal capsule Right• 
PLIC_L = Posterior limb of internal capsule Left• 
RPIC_R = Retrolenticular part of internal capsule Right• 
RPIC_L = Retrolenticular part of internal capsule Left• 
ACR_R = Anterior corona radiata Right• 
ACR_L = Anterior corona radiata Left• 
SCR_R = Superior corona radiata Right• 
SCR_L = Superior corona radiata Left• 
PCR_R = Posterior corona radiata Right• 
PCR_L = Posterior corona radiata Left• 
PTR_R = Posterior thalamic radiation Right• 
GCOR = Genu of corpus callosum• 
PTR_L = Posterior thalamic radiation Left• 
SAS_R = Sagittal stratum Right• 
SAS_L = Sagittal stratum Left• 
EXC_R = External capsule Right• 
EXC_L = External capsule Left• 
CIN_R = Cingulum (cingulate gyrus) Right• 
CIN_L = Cingulum (cingulate gyrus) Left• 
CINH_R = Cingulum (hippocampus) Right• 
CINH_L = Cingulum (hippocampus) Left• 
FOR_C_R = Fornix (cres) / Stria terminalis Right• 
BCOR = Body of corpus callosum• 
FOR_C_R = Fornix (cres) / Stria terminalis Right• 
FOR_C_L = Fornix (cres) / Stria terminalis Left• 
SLF_R = Superior longitudinal fasciculus Right• 
SLF_L = Superior longitudinal fasciculus Left• 
SFOF_R = Superior fronto-occipital fasciculus Right• 
SFOR_L = Superior fronto-occipital fasciculus Left• 
UF_R = Uncinate fasciculus Right• 
UF_L = Uncinate fasciculus Left• 
TAP_R = Tapetum Right• 
TAP_L = Tapetum Left• 
SCOR = Splenium of corpus callosum• 
FOR_B = Column and body of fornix• 
FMAJ = Forceps major• 
FMIN = Forceps minor• 
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Table 1. Number of signifi cant (P<0.05; the numbers in gray did not remain signifi cant after 
a more conservative threshold of P<0.01) voxels located at the radial diffusivity (RD) 
skeleton in each brain area for the patients > controls and patients > siblings comparisons 
in the two models (basic model and cannabis and other drugs) and number of signifi cant 
voxels located at the mean diffusivity (MD) skeleton in each brain area for the patients > 
controls comparison in the two models.
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RD RD RD RD MD MD

Basic 
model

+ 
Cannabis 
/ other 
drugs

Basic 
model

+ 
Cannabis 
/ other 
drugs

Basic 
model

+ 
Cannabis 
/ other 
drugs

Ty
pe Area

Patients
>

controls

Patients
>

controls

Patients
>

siblings

Patients
>

siblings

Patients
>

controls

Patients
>

controls

Pr
oj

ec
tio

n 
fi b

er
s

ALIC_R 239 234 105 328 4 0
ALIC_L 3 208 21 276 13 13
PLIC_R 185 151 72 221 0 0
PLIC_L 53 64 0 304 118 86
RPIC_R 334 315 305 303 210 195
RPIC_L 172 179 165 213 145 148
ACR_R 1001 1105 920 1040 403 340
ACR_L 982 963 844 897 468 471
SCR_R 690 587 827 793 547 472
SCR_L 475 441 659 707 541 511
PCR_R 550 511 415 404 338 295
PCR_L 460 440 334 330 390 345
PTR_R 622 573 505 529 435 382
PTR_L 581 522 453 439 337 68

A
ss

oc
ia

tio
n 

fi b
er

s

SAS_R 251 182 203 220 163 161
SAS_L 186 170 103 108 163 0
EXC_R 410 447 239 258 3 6
EXC_L 334 367 15 98 20 16
CIN_R 58 0 44 51 0 0
CIN_L 67 1 0 0 4 0
CINH_R 56 0 2 2 0 0
CINH_L 1 0 0 0 0 0
FOR_C_R 105 104 135 134 75 79
FOR_C_L 116 122 29 135 0 0
SLF_R 407 420 313 384 236 154
SLF_L 53 41 167 190 71 340
SFOF_R 50 49 57 55 26 0
SFOF_L 0 0 0 40 3 4
UF_R 19 36 0 0 0 1
UF_L 4 4 2 3 0 0

C
om

m
is

su
ra

l fi
 b

er
s TAP_R 36 38 3 5 19 0

TAP_L 1 1 0 0 1 1
GCOR 896 990 1128 1206 725 817
BCOR 2654 2662 2575 2629 2355 2333
SCOR 743 816 771 880 353 265
FOR_B 51 95 0 93 0 0
FMAJ 623 639 529 567 274 188
FMIN 1016 1233 1316 1406 969 1078

No regions with higher RD where found comparing siblings > controls. Results controlled 
for; age, sex, handedness, highest level of education (basic model); and basic model + 
cannabis and other drugs. 
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Table 2. Shape measure case linear (CL) and signifi cant (P<0.05; the numbers in gray did 
not remain signifi cant after a more conservative threshold of P<0.01) voxels in each brain 
area for the patients < controls and patients < siblings comparisons in the two models.
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CL CL CL CL

Basic model + Cannabis / 
other drugs

Basic model + Cannabis / 
other drugs

Ty
pe Area

Patients 
< 

controls

Patients 
< 

controls

Patients 
< 

siblings

Patients 
< 

siblings

Pr
oj

ec
tio

n 
fi b

er
s

ALIC_R 19 27 15 50
ALIC_L 0 0 36 37
PLIC_R 41 0 4 170
PLIC_L 0 13 108 137
RPIC_R 56 3 0 241
RPIC_L 0 0 91 174
ACR_R 573 707 863 968
ACR_L 0 85 765 842
SCR_R 440 245 434 583
SCR_L 176 178 202 309
PCR_R 279 202 70 205
PCR_L 156 88 89 129
PTR_R 192 171 0 516
PTR_L 203 24 246 335

A
ss

oc
ia

tio
n 

fi b
er

s

SAS_R 12 43 0 99
SAS_L 0 3 9 31
EXC_R 368 274 154 532
EXC_L 36 277 342 488
CIN_R 7 6 28 29
CIN_L 69 1 0 0
CINH_R 0 0 0 0
CINH_L 2 0 0 0
FOR_C_R 7 46 0 4
FOR_C_L 0 59 146 151
SLF_R 128 1 166 191
SLF_L 0 0 0 138
SFOF_R 39 42 51 56
SFOR_L 0 0 0 0
UF_R 35 46 0 0
UF_L 0 34 0 0

C
om

m
is

su
ra

l fi
 b

er
s TAP_R 43 40 0 33

TAP_L 1 0 0 0
GCOR 183 125 910 993
BCOR 1893 1751 2416 2455
SCOR 251 126 323 564
FOR_B 1 98 0 0
FMAJ 317 142 178 412
FMIN 107 86 1145 1225

Abbreviations are as in Table 1. No regions with lower CL where found comparing siblings 
and controls. Results controlled for: (basic model) age, sex, handedness, highest level of 
education; (+ cannabis and other drugs) age, sex, handedness, highest level of education and 
cannabis use. 
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Table 3. Shape measure case planar (CP) and signifi cant (P<0.05; the numbers in gray did 
not remain signifi cant after a more conservative threshold of P<0.01) voxels in each brain 
area for the patients < controls and siblings < controls comparisons in the two models.
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CP CP CP CP

Basic model + Cannabis / 
other drugs Basic model + Cannabis / 

other drugs

Ty
pe Area

Patients 
< 

controls

Patients 
< 

controls

Siblings 
< 

controls

Siblings 
< 

controls

Pr
oj

ec
tio

n 
fi b

er
s

ALIC_R 0 0 0 0
ALIC_L 269 284 0 0
PLIC_R 0 0 0 0
PLIC_L 347 379 0 0
RPIC_R 4 4 0 0
RPIC_L 24 29 0 0
ACR_R 141 186 252 267
ACR_L 495 488 609 614
SCR_R 37 70 64 0
SCR_L 524 618 77 204
PCR_R 236 278 0 0
PCR_L 241 265 41 127
PTR_R 0 0 0 0
PTR_L 5 1 0 3

A
ss

oc
ia

tio
n 

fi b
er

s

SAS_R 0 0 0 0
SAS_L 0 0 0 0
EXC_R 0 0 0 0
EXC_L 7 6 0 0
CIN_R 0 0 0 0
CIN_L 0 0 0 0
CINH_R 0 0 0 0
CINH_L 0 0 0 0
FOR_C_R 0 0 0 0
FOR_C_L 0 0 0 0
SLF_R 0 0 0 0
SLF_L 0 0 0 0
SFOF_R 0 0 0 0
SFOR_L 21 28 0 0
UF_R 0 0 0 0
UF_L 0 0 0 0

C
om

m
is

su
ra

l fi
 b

er
s TAP_R 0 0 0 0

TAP_L 0 0 0 0
GCOR 1136 1218 987 1060
BCOR 1159 1345 1250 1286
SCOR 1219 1299 389 639
FOR_B 0 0 0 0
FMAJ 220 220 32 82
FMIN 1364 1601 1299 1371

Abbreviations are as in table 1. No regions with lower CP where found comparing patients 
and siblings. Results controlled for: (basic model) age, sex, handedness, highest level of 
education; (+ cannabis and other drugs) age, sex, handedness, highest level of education and 
cannabis use. 
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Table 4. Shape measure case spherical (CS) and signifi cant (P<0.05; the numbers in gray did 
not remain signifi cant after a more conservative threshold of P<0.01) voxels in each brain 
area for the patients > controls and patients > siblings comparisons in the two models. 
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CS CS CS CS

Basic model + Cannabis / 
other drugs Basic model + Cannabis / 

other drugs

Ty
pe Area

Patients 
> 

controls

Patients 
> 

controls

Patients 
> 

siblings

Patients 
> 

siblings

Pr
oj

ec
tio

n 
fi b

er
s

ALIC_R 439 458 38 342
ALIC_L 447 466 327 377
PLIC_R 337 376 0 193
PLIC_L 341 352 353 368
RPIC_R 351 367 0 68
RPIC_L 289 350 260 318
ACR_R 1155 1220 689 873
ACR_L 1185 1185 700 882
SCR_R 848 839 865 915
SCR_L 669 662 756 780
PCR_R 620 612 436 468
PCR_L 480 480 350 365
PTR_R 523 541 138 166
PTR_L 607 577 467 479

A
ss

oc
ia

tio
n 

fi b
er

s

SAS_R 233 258 0 84
SAS_L 208 213 96 102
EXC_R 581 682 0 7
EXC_L 553 660 273 354
CIN_R 0 0 46 51
CIN_L 76 240 8 12
CINH_R 0 0 0 4
CINH_L 6 8 5 5
FOR_C_R 129 140 0 29
FOR_C_L 157 167 91 137
SLF_R 354 431 198 447
SLF_L 380 438 41 488
SFOF_R 55 52 0 40
SFOR_L 50 58 30 54
UF_R 41 48 0 1
UF_L 32 36 3 3

C
om

m
is

su
ra

l fi
 b

er
s TAP_R 34 34 9 10

TAP_L 1 1 1 1
GCOR 1267 1387 1288 1408
BCOR 2752 2785 2651 2719
SCOR 1262 1387 1168 1341
FOR_B 98 101 0 18
FMAJ 667 684 489 569
FMIN 1599 1834 1474 1616

Abbreviations are as in table 1. No regions with higher CS where found comparing siblings 
and controls. Results controlled for: (basic model) age, sex, handedness, highest level of 
education; (+ cannabis and other drugs) age, sex, handedness, highest level of education and 
cannabis use. 
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Abstract
Background: Altered structural network-connectivity has been reported 
in psychotic disorder but whether these alterations are associated with 
genetic vulnerability, and/or with phenotypic variation, has been less 
well examined. This study examined network-connectivity in individuals 
with (increased risk for) psychotic disorder with respect to controls, 
and whether network-connectivity alterations vary with (subclinical) 
symptomatology. 
Methods: Network-connectivity measures (global effi ciency (GE), 
local effi ciency (LE), clustering coeffi cient (CC)) were derived from 
diffusion weighted imaging (DWI) and were compared between 85 
patients with psychotic disorder, 93 siblings without psychotic disorder 
and 80 healthy comparison subjects using multilevel regression models. 
In patients, associations between Positive and Negative Syndrome Scale 
(PANSS) symptoms and topological measures were examined. In addition, 
interactions between subclinical psychopathology and sibling/healthy 
comparison subject status were examined in models of topological 
measures.
Results: Patients, siblings and healthy comparison subjects did not differ 
in GE, LE, or in CC. While there was no main effect of group, siblings had 
a signifi cantly higher CC compared to patients (B=0.0039, p=0.002). In 
patients, none of the PANSS symptom domains were signifi cantly associated 
with the three network-connectivity measures. The two-way interaction 
between group and SIR-r positive score in the model of LE was signifi cant 
(χ2 =6.24, p=0.01, df=1). In the model of CC, the interactions between 
group and respectively SIS-r positive (χ2 =5.59, p=0.02, df=1) and negative 
symptom scores (χ2 =4.71, p=0.03, df=1) were signifi cant. Stratifi ed analysis 
showed that, in siblings, decreased LE and CC was signifi cantly associated 
with increased SIS-r positive scores (LE: B=-0.0049, p=0.003, CC: B=-0.0066, 
p=0.01) and that decreased CC was signifi cantly associated with increased 
SIS-r negative scores (B=-0.012, p=0.003).
Conclusion: The fi ndings indicate absence of structural network-
connectivity alterations in individuals with psychotic disorder and in 
individuals at higher than average genetic risk for psychotic disorder, in 
comparison with healthy subjects. The differential subclinical symptom-
network connectivity associations in siblings with respect to controls may 
be a sign of psychosis vulnerability in the siblings.



3

71

MICROSTRUCTURAL NETWORK CONNECTIVITY

Introduction
Structural white matter disconnectivity may contribute to the cerebral 
vulnerability for psychotic disorder (1). Diffusion Magnetic Resonance 
Imaging (dMRI) in combination with network analysis techniques, allows 
for the in-vivo study of white matter tracts and testing the ‘disconnectivity 
hypothesis’. The human brain can be considered a small-world network 
(2) as there is a very short distance between neighboring brain areas 
and few direct connections to distant areas. This small-world network 
features a fast system response and enables the interaction between brain 
areas in an effi cient matter (3). An effi cient structural brain connection 
requires preserved axonal wiring and an extensive total wiring volume of 
the network. Furthermore, high clustering and small path lengths refl ect 
effi cient information transfer over the network with a high capacity to 
integrate information across the network (4). 
Research on structural network-connectivity in psychotic disorder has 
provided evidence for alterations in network measures, such as increased 
characteristic path length (i.e., the average shortest path length between 
two regions) and a loss of frontal lobe hub regions (5, 6). Additionally, 
studies on the clustering coeffi cient (CC), a measure of local cohesiveness 
indicating a stronger local specialization, showed increased (7), decreased 
(8) and unchanged (9) CC in patients compared to healthy subjects. 
Furthermore, decreased local effi ciency (LE; i.e., how well information 
circulates over the network) has been found in the frontal, temporal, (para)-
limbic regions and in the putamen in patients with psychotic disorder 
compared to healthy subjects (10, 11). Previous research also showed 
reduced global effi ciency (GE) in patients with psychotic disorder compared 
to healthy subjects (10, 12-14), indicating a less effi cient information 
circulation over the network in general.  
In order to understand how brain connectivity is related to the psychosis 
phenotype, prior studies have examined symptom-structural network-
connectivity relationships. For example, a decrease in GE may result in 
disrupted integration of the brain networks (15), which may be, indirectly, 
related to impaired cognitive processing and general functioning in patients 
with psychotic disorder (9). In addition, a negative correlation between 
structural network GE and LE properties and positive, negative, and 
total scores of the Positive and Negative Syndrome Scale (PANSS) has 
been reported (10). Notably, all associations between distinct symptom 
dimensions and network effi ciency showed similar directions of effect. In 
another study, higher positive symptom severity in patients was associated 
with overall reduction of structural connectivity in the default mode 
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network as measured by the number of tracts connecting the network 
(16). Thus, both general and cognitive/symptomatic functioning have 
been associated with reduced network effi ciency and alterations in CC. 
Furthermore, reduced asymmetric (specifi c for a hemisphere) LE has been 
reported in several frontal regions and the hippocampus in patients with 
psychotic disorder compared to healthy subjects in a cross-sectional study 
(17). A follow-up longitudinal dMRI study in a smaller sample within the 
same study, showed increased small-worldness (which may indicate higher 
local clustering and shorter path lengths between regions) in patients 
over time (18). Additionally, this study indicated that with reduced positive 
symptoms over time in patients, small-worldness increased, suggesting 
restoration of global structural integration of the brain network (18).
If structural network-connectivity were infl uenced by genetic vulnerability, 
fi rst-degree relatives would be expected to have increased levels of 
altered network-connectivity compared to healthy subjects. Indeed, a 
previous study reported decreased LE in unaffected parents (fi rst-degree 
relatives) compared to healthy subjects in the right temporal cortices, left 
supplementary motor area, left superior temporal pole and left thalamus 
(11). While research in fi rst-degree relatives on LE is limited to this one 
study (and reports on CC are missing), research on rich club (a tightly 
interconnected core of regions) organization of structural networks 
suggests impaired connectivity in siblings (14, 19) and parents (20) of 
patients with psychotic disorder. Studies on help-seeking individuals with 
an at-risk mental state for psychotic disorder (help-seeking individuals with 
affective or substance use disorder and a degree of psychosis admixture, 
some of whom will have a poor prognosis) showed preserved (19) as 
well as reduced GE (21, 22). In addition, while there is little known about 
associations between symptomatology and brain network topology in 
patients, there is very little work on associations between subclinical 
symptomatology and DWI based network-connectivity in siblings. 
Therefore, the current study examined structural brain network alterations 
in individuals with psychotic disorder, siblings without disorder and healthy 
comparison subjects. It is hypothesized that patients and siblings will show 
reduced GE and LE compared to healthy comparison subjects, in addition 
to alterations in CC. We also examined whether (subclinical) symptoms 
would be associated with decreased network effi ciency and CC. 

Methods and Materials
Participants
Data was collected in the context of a multicenter longitudinal study 
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(Genetic Risk and Outcome of Psychosis, G.R.O.U.P) in the Netherlands. 
In selected representative geographical areas in the Netherlands and 
neighboring Belgium, patients were identifi ed through clinicians providing 
health care for those with psychotic disorder. Siblings were contacted 
through participating patients. Mailings and advertisements in local 
newspapers of the same geographical areas were used in order to recruit 
healthy comparison subjects. The total sample consisted of 258 participants: 
85 patients with a psychotic disorder, 93 siblings without a psychotic 
disorder, and 80 healthy comparison subjects. Familial relatedness can be 
found elsewhere (23) and in the supplementary information. 
All participants were screened before MRI scanning using the following 
exclusion criteria: brain injury with unconsciousness > than 1 hour, 
meningitis or other neurological diseases with possible impact on brain 
structure or function, cardiac arrhythmia requiring medical treatment, and 
severe claustrophobia. In addition, participants with metal corpora aliena 
were excluded from the study, as were women with intrauterine device 
status and (suspected) pregnancy. 
The standing ethics committee approved the study protocol, and all 
the participants gave written informed consent in accordance with the 
committee’s guidelines. 

Clinical measures
The PANSS (24) was used to measure psychotic symptoms in patients over 
the two weeks prior to inclusion.  A fi ve-factor model (25) for the PANSS 
yielded positive symptoms, negative symptoms, disorganization symptoms, 
excitement and emotional distress. The scores of the individual items of the 
fi ve symptom dimensions were summed. In healthy comparison subjects 
and siblings, the Structured Interview for Schizotypy –revised (SIS-r) was 
used for assessing subclinical psychotic symptoms (26). Subclinical positive 
symptoms were measured by the items referential thinking, psychotic 
phenomena, derealisation, magical ideation, illusions, and suspiciousness. 
Negative-disorganized symptoms were covering the items social isolation, 
sensitivity, introversion, restricted affect, disturbances in associative and 
goal-directed thinking, poverty of speech, and eccentric behavior. The mean 
of the positive SIS-r and negative SIS-r items was calculated per participant. 
Educational level was defi ned as the highest accomplished level of 
education. Handedness was assessed using the Annett Handedness Scale 
(27). In the patient group, antipsychotic medication use (AP use) was 
evaluated by patient report and verifi ed with the treating consultant 
psychiatrist. Best estimate lifetime (cumulative) AP use was determined 
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by multiplying the number of days of AP use with the corresponding 
haloperidol equivalents and summing these scores for all periods of AP 
use (including the exposure period between baseline assessment for 
the G.R.O.U.P study and the moment of baseline MRI scanning), using 
previously described AP dose equivalents calculations (28). Substance use 
was measured with the Composite International Diagnostic Interview 
(CIDI) sections B-J-L (29). Cannabis and other drug use were reported 
as frequency during the last 12 months as well as lifetime use. Data on 
lifetime cannabis and other drug use was missing for respectively eight (3% 
missing) and two participants (1% missing). Information on alcohol use was 
reported as weekly consumption over the last year and was missing for 
33 participants (13%). Additional information on this sample can be found 
elsewhere (23).

MRI data acquisition
Methods for data acquisition were identical to those in previously described 
protocol (23). In short, magnetic resonance imaging scans were obtained 
at Maastricht University, the Netherlands, using an Allegra syngo MR 
A30 (Siemens, Erlangen, Germany) operating at 3.0 Tesla. The following 
anatomical scan parameters were used: Modifi ed Driven Equilibrium 
Fourier Transform (MDEFT) sequence; 176 slices, 1 mm isotropic voxel 
size; Magnetization Prepared Rapid Acquisition Gradient-Echo (MPRAGE; 
Alzheimer’s Disease Neuroimaging Initiative) sequence 192 slices, 1 mm 
isotropic voxel size. Microstructural anatomy was examined using diffusion 
tensor imaging with an echo-planar-imaging sequence (1.8 mm isotropic 
voxel size, b-value 1000 s/mm², 85 slices). Total acquisition time of the DTI 
sequence was 15 minutes. Details on the balance between the two different 
scan types due to a scanner update can be found in the supplementary 
materials.

DWI processing
Details on processing of the DWI data can be found elsewhere (23) and in 
the supplementary materials. Processing was conducted in ExploreDTI (30) 
and after tensor estimation, white matter (WM) tracts were reconstructed 
for each individual dataset, using deterministic fi ber tractography (31). 
Parcellation of the whole brain fi ber tracts was done using the generally 
accepted standard automated anatomical atlas labeling (AAL, (32)). This 
procedure provides 90 (sub)-cortical brain regions of interest (ROI), each 
representing a node in the network. The reconstructed white matter tracts 
were represented as edges between each pair of nodes. The AAL atlas 
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provides adequate cortical coverage and is widely used in both structural 
and functional connectivity analysis, as shown in Figure 1.
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Network construction
With the use of the individual brain networks, connectivity measures were 
computed in order to quantify the network architecture using the Brain 
Connectivity Toolbox. Connectivity was described in terms of GE, LE, and 
CC (33) based on the pass criteria (the direction is unknown, because 
tractography is bidirectional) per ROI. All connectivity network measures 
were calculated per individual and statistically analyzed using R version 3.2.3 
(34).

Statistical analysis
Group comparisons of GE
Group comparisons (patients, siblings, healthy comparison subjects) for GE 
were carried out using a multilevel linear regression model with one GE 
measure per individual, who belong to a family (level 1). The “lme” (linear 
mixed effect) command in R was used to fi t a mixed-effects models with 
random intercepts at the family level (34, 35). Group was treated as a three-
level factor. The model included age, sex, handedness, level of education, and 
cannabis use as a priori hypothesized confounders (in line with previous 
research (23)). 
Group comparisons of LE an dCC
Group comparisons for LE and CC were done based on 90 regions 
clustered within individuals (level 1), and individuals clustered within families 
(level 2). Hence, random intercepts were added to the model for families 
and individuals within families. Group × ROI interactions in models of LE 
and CC were examined using Wald-type chi-square tests. The number of 
voxels was used in the model as an analytic weight to control for the ROI 
extent (i.e., the error variance for a particular observation was inversely 
weighted by the number of voxels within the corresponding region). Post-
estimation linear hypothesis testing was performed in case of signifi cant 
group × ROI interactions, to test for differences in slopes between i) 
patients and healthy comparison subjects, ii) siblings and healthy comparison 
subjects and iii) patient and siblings. Because we consider the analysis 
approach exploratory and hence hypotheses-generating, the analysis was 
conducted for all 90 ROIs and a Bonferroni correction was applied. If the 
group × ROI interaction were not signifi cant, the main effect of group was 
investigated in a model without ROI. The analyses were corrected for the 
previously mentioned confounders.

Associations with (subclinical) symptoms 
Patients with psychotic disorder
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In the multiple regression model of GE (dependent variable), the association 
with the PANSS positive, negative, disorganized, excitement, and emotional 
distress symptoms (independent variables in separate models) was 
examined in patients. Bonferroni correction (equal to p<0.01) was applied 
to correct for testing the fi ve symptom models.
In the models of LE and CC, the interactions between PANSS symptoms 
and ROI were tested. In case of signifi cant interactions in any of the fi ve 
PANSS dimensions, post-hoc estimation was applied for all 90 regions. 
Analyses were corrected for multiple comparisons, at the level of the fi ve 
(symptom) interaction tests, using a conservative p-level of p<0.01, and 
at the level of 90 regions, with Bonferroni. The multilevel analyses were 
corrected for age, sex, level of education, illness duration, cannabis use and 
lifetime AP exposure. If the PANSS symptom × ROI interaction was not 
signifi cant (p≥0.01), main effects of PANSS symptoms on overall LE and CC 
were investigated in a model without ROI. Bonferroni correction (equal to 
p<0.01) was applied to correct for testing the fi ve symptom models.

Siblings and healthy comparison subjects.
The associations between SIS-r positive/negative score and GE, LE and CC 
were separately examined in the total group (combined sibling and healthy 
comparison group). 
In the model of GE, the interactions between group and SIS-r positive 
and negative symptoms were examined separately. In case of a signifi cant 
interaction (p<0.05), stratifi cation was applied per group to investigate 
association between GE and symptoms. 
In the multilevel models of LE and CC, the two group × ROI × SIS-r 
symptom interactions were tested (for positive and negative symptoms). 
In case of signifi cant group × ROI × SIS-r interactions (p<0.01), post-
estimation linear hypothesis testing was performed for all 90 regions to test 
for differences in slopes between siblings and healthy comparison subjects. 
This analysis was corrected for multiple comparisons with Bonferroni. 
Confounding factors in the model were age, sex and level of education. 
If the group x ROI × SIS-r interaction was not signifi cant (p≥0.01), the 
interaction between group and SIS-r symptom was investigated in a model 
without ROI. 

Results
Demographics
There were more men in the patient and sibling group compared to the 
healthy comparison group. The healthy comparison group had a higher 
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educational level than the patients and siblings. Most patients were not in 
acute illness phases as evidenced by low PANSS score (Table 1) and by the 
fact that 58% of the patients were in remission according to the remission 
criteria of Andreasen (36). The patients were more frequent cannabis 
and non-cannabis drug users than the siblings and healthy comparison 
subjects (Table 1). At the time of scanning, seventy patients were receiving 
AP medication (second generation: n = 67; fi rst generation; n =3). The 
mean current dosage of AP medication in terms of standard haloperidol 
equivalents was 4.6 milligrams (mg) (SD = 5.0). 

Table1. Demographic characteristics

Healthy 
comparison 

subjects
(n=80)

Siblings 
(n=93)

Patients 
(n=85)

Age at scan (years) 30.8 (10.8) 29.4 (8.8) 28.3 (7.0)

Sex (% male) 29 (36 %) 49 (52%) 58 (68%)

Handedness 76.3 (58.2) 75.1 (58.6) 71.1 (63.9)
Level of education 5.4 (1.8) 5.1 (2.1) 4.1 (2.0)
No. of times cannabis use last year 5.4 (41.5) 7.3 (40.2) 37.0 (97.8)

No. of times non-cannabis drug use last year 4.7 (41.2) 0.4 (4.1) 22.5 (71.0)

PANSS Positive 7.3 (1.1) 7.2 (0.9) 10.3 (4.9)

PANSS Negative 8.1 (0.9) 8.4 (1.9) 12.0 (5.8)

PANSS Disorganization 10.1 (1.1) 10.3 (0.7) 12.5 (4.1)

PANSS Excitement 8.3 (1.1) 8.5 (1.3) 9.7 (2.7)

PANSS Emotional Distress 9.2 (2.0) 9.8 (2.5) 13.1 (5.2)

SIS-r Positive 0.46 (0.44) 0.56 (0.40) -

SIS-r Negative 0.25 (0.23) 0.33 (0.24) -

In remission - - 49/84 (58%)

Age of onset (years) - - 21.9 (7.1)

Duration of illness (years) - - 6.4 (4.0)
Cumulative lifetime AP exposure in mean 
haloperidol equivalents

- -
6692.7 

(6254.2)
Alcohol use per week frequency 5.0 (7.0) 9.8 (17.3) 5.0 (9.1)

Means (SDs) are reported. Abbreviations: SD= Standard Deviation; PANSS = Positive 
and Negative Syndrome Scale; SIS-r = Structured Interview for Schizotypy-revised; 
AP=Antipsychotic. Cumulative lifetime AP exposure is expressed as haloperidol 
equivalents. Some data were missing as described in the supplementary materials. 
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Group comparison of global effi ciency (GE)
The GE was not signifi cantly different between the three groups (χ2=3.50, 
p=0.17, df=2) (Table 2). 

Group comparison on local effi ciency and clustering coeffi cient (CC)
In the model of LE, there was no signifi cant interaction between group 
and ROI (χ2 =198.29, p=0.14, df=178) and neither in the model of CC 
(χ2=204.99, p=0.08, df=178) (Table 2). There was a signifi cant main effect of 
group in the model of CC (χ2=9.77, p=0.008, df=2), but not in the model of 
LE (χ2=1.68, p=0.43, df=2). The CC was equal between healthy comparison 
subjects and respectively patients (B=-0.0032, p=0.07) and siblings 
(B=0.00069, p=0.68), but signifi cantly different between siblings and patients 
(B=0.0039, p=0.002). 

Table 2: Means and group comparison of topological outcome measures.

 

Mean (SD)
Group 

Comparison

Patients Siblings
Healthy 

comparison 
subjects

χ2 p-value

Global effi ciency 0.68 (0.018) 0.69 (0.020) 0.69 (0.021) 3.50 0.17
Local effi ciency 0.82 (0.067) 0.82 (0.064) 0.82 (0.065) 199.71 0.15
Clustering coeffi cient 0.32 (0.065) 0.33 (0.063) 0.33 (0.065) 204.99 0.08

Reported are the mean values and SD (standard deviation) over all regions for local 
effi ciency and clustering coeffi cient and the χ2 and p-values of the multilevel regression 
analyses.

Association between topological measures and PANSS scores in patients 
with psychotic disorder
No signifi cant associations were found between any of the PANSS symptom 
scores and GE in patients with psychotic disorder (Table 3). Similarly, the 
interactions between any of the PANSS symptom scores and ROI in the 
models of LE and CC were not signifi cant (Table 3). In the main effect 
analyses, none of the associations between PANSS symptom scores and 
overall LE and CC were signifi cant at a conservative p-level of p<0.01 
(LE; PANSS positive: B=0.00014, p=0.45, PANSS negative: B=-0.00023, 
p=0.14, PANSS disorganization: B=0.000028, p=0.92, PANSS excitement: 
B=0.000030, p=0.75, PANSS emotional distress: B=0.00018, p=0.25; CC; 
PANSS positive: B=-0.000012, p=0.95, PANSS negative: B=-0.00020, p=0.19, 
PANSS disorganization: B=-0.00021, p=0.36, PANSS excitement: B=-0.00044, 
p=0.16, PANSS emotional distress: B=-0.0000873, p=0.57).
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Association between topological measures and SIS-r scores in siblings and 
healthy comparison subjects
Global effi ciency
There was no signifi cant interaction between group and SIS-r positive 
symptoms and between group and SIS-r negative symptoms in the model of 
GE (Table 4). Main effect analyses of the total group of siblings and healthy 
comparison subjects showed no signifi cant association between SIS-r 
positive (B=0.0042, p=0.45) or negative symptom score (B=0.0054, p=0.39).

Local effi ciency and Clustering Coeffi cient
No signifi cant three-way interactions were found between group, ROI and 
SIS-r positive symptoms in the models of LE and CC, and neither so with 
respect to SIS-r negative symptoms. The two-way interaction between 
group and SIR-r score in the LE model was signifi cant for SIS-r positive 
symptoms (χ2 =6.24, p=0.01, df=1), but not for SIS-r negative symptoms (χ2 

=1.35, p=0.24, df=1). Stratifi ed analyses showed a signifi cant decrease in 
overall LE with increasing SIS-r positive symptom scores in siblings (B=-
0.0049, p=0.003), while this association was absent in controls (B=0.00091, 
p=0.58). 
In the model of CC, the interactions between group and respectively 
SIS-r positive (χ2 =5.59, p=0.02, df=1) and negative (χ2 =4.71, p=0.03, df=1) 
symptom scores were signifi cant. Stratifi ed analyses for SIS-r positive 
symptoms showed a signifi cant decrease in overall CC with increasing 
SIS-r positive symptoms in the sibling group (B=-0.0066, p=0.01), but not 
in the control group (B=0.0021, p=0.43). Stratifi ed analyses for the SIS-r 
negative score showed a signifi cant decrease in overall CC with increasing 
SIS-r negative symptoms in the sibling group (B=-0.012, p=0.003), which 
was not the case for the control group (B=0.0022, p=0.673). There was no 
signifi cant association between SIS-r positive or negative score and LE and 
CC in the total group (siblings and controls) (Table 4).
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Table 4: Associations between subclinical psychotic symptoms and network connectivity 
measures in siblings and healthy comparison subjects.

SIS-r positive SIS-r negative
Group x ROI x SIS-r χ2* p-value χ2* p-value
Local effi ciency 77.85 0.79 64.17 0.98
Clustering coeffi cient 80.71 0.72 68.57 0.95
Group x SIS-r
Global effi ciency 0.0057 0.14 0.0054 0.39
Local effi ciency 6.24 0.01 1.35 0.24
Clustering coeffi cient 5.59 0.02 4.71 0.03
Main effect in total group
Local effi ciency 100.90 0.18 103.03 0.15
Clustering coeffi cient 99.44 0.21 103.05 0.15
χ2 and p-values of multilevel regression analyses are provided for local effi ciency and 
clustering coeffi cient. For global effi ciency the B and p-values are provided. *For global 
effi ciency the B values and p-values are provided. Signifi cant p-values are noted in bold.

Discussion
In this cross-sectional study, microstructural white matter inter-regional 
network-connectivity was examined in patients with psychotic disorder, 
non-psychotic siblings and healthy comparison subjects. The results showed 
no differences between the groups with respect to structural network-
connectivity properties, except for the comparison between siblings and 
patients on CC. In the symptom-network connectivity analyses, none of the 
PANSS scores symptoms in patients were associated with the structural 
network-connectivity measures. Moreover, SIS-r subclinical symptom 
scores were not associated with regional structural network-connectivity 
in siblings and healthy comparison subjects. With respect to overall LE and 
CC, it was shown that in the sibling group higher SIS-r positive symptom 
scores were associated with lower overall LE and that higher SIS-r positive 
and negative symptom scores were associated with lower overall CC.

Group comparison of topological measures
Contrary to the hypothesis and the literature, the current study fi ndings 
did not show lower GE and LE in patients and siblings compared to healthy 
subjects. The majority of prior work suggests alterations in structural white 
matter connectivity (1, 10, 37, 38), with generally lower GE as previously 
reported in patients with respect to healthy comparison subjects (10, 
12, 14), while the evidence for alterations in these DWI based network-
connectivity measures in siblings is scarce (14). The studies on patients 
included medication naïve fi rst episode patients (12), while the current 
population had an average illness duration of 6.4 years and almost all 
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patients were medicated. Our study population had a little longer illness 
duration. Possibly, environmental or illness-related factors may have 
contributed to the differential fi ndings. The majority of the patients of the 
current study used cannabis (37 times in total over the last year), while the 
frequency of cannabis use was much lower in one study (14), and another 
study did not report about cannabis use (10). As cannabis use decreases the 
network effi ciency while increasing the CC (39), this could potentially have 
diminished effects on the group level in our study although we corrected 
for this factor in the analyses. Interestingly, previous analyses on this sample 
showed alterations in DWI parameters, i.e., decreased fi ber orientation 
and increased free water movement (23) and also lower CC based on fMRI 
activation (40). These DWI parameter and functional connectivity analyses 
are different from the current network-based connectivity analyses and 
show different aspects of brain alterations. Thus, whether the absence of GE 
and LE alterations in individuals with (vulnerability for) psychotic disorder 
is related to technical procedures specifi c to these DWI based network-
connectivity measures, or refl ects a true fi nding has to be investigated 
further in future studies.

The fi nding of a non-deviated CC in patients and siblings compared to 
healthy comparison subjects falls into the mixed fi ndings of previous 
research, showing increased (7), decreased (8), and unchanged (9) CC in 
patients with psychotic disorder compared to healthy comparison subjects. 
Besides, to our knowledge, there are no reports on CC in siblings of 
patients with psychotic disorder. While the interaction between group 
and ROI in the model of CC was not signifi cant, the group by group 
comparison showed that siblings had a higher CC compared to patients. 
The inconsistent fi ndings on CC alterations in psychotic disorder may be 
related to differences in patient characteristics, illness-related factors or 
other methodological issues. One study investigated medication naïve fi rst-
episode patients (8), while another study did not report on medication 
use (9). In the current study, most patients were treated with medication, 
while the group with higher than average psychosis vulnerability (siblings) 
was not subjected to illness-related factors such as medication use. This 
makes comparison of the studies diffi cult as medication and other drug use 
could heavily infl uence the structural brain network. Another study applied 
a structural network approach on anatomical data instead of white matter 
tracts (7), a different technique that is hard to compare with DWI based 
network-connectivity.
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While several studies have described that disconnectivity may be an 
important contribution to pathophysiologic alterations in psychotic 
disorder, refl ected by alterations in effi ciency and clustering, recent studies 
have also shown alterations in psychotic disorder at the level of abnormal 
hub organization (37, 38, 41). A hub-based (rich-club) approach, using a 
specifi c selection of hubs within the brain network, may be considered in 
future research. However, research into the structural hub organization 
of brain networks has the limitation of how to defi ne and select the 
hub regions (42). The whole brain network-based connectivity approach 
does not use a selection of hub regions. As described earlier, functional 
connectivity analyses in the current study sample showed lower CC in 
patients compared to healthy comparison subjects (40), while structural 
DWI white matter parameters indicated decreased fi ber orientation and 
increased free water movement (23). Combining both functional and 
structural MRI analyses, via a fusion MRI approach, can be very informative 
and would be a future step (43). Structural DWI white matter analyses 
are not based on tractography and are based on parameters derived from 
the tensor model. Thus, network-based analyses allow for a more detailed 
investigation of the tracts, but more processing is required. For example, 
selection of fi bers that pass through the region (instead of end) could have 
resulted in minimizing the effect size of the network-based parameters. 

Association between topological measures and clinical psychotic symptoms
No signifi cant associations were found between PANSS symptom domains 
and network-connectivity properties in patients with psychotic disorder. 
This is in line with prior work by Zhang and van den Heuvel, who did not 
fi nd signifi cant associations between several network properties (strength, 
CC, characteristic path length, betweenness centrality, GE, shortest path 
length, and degree) and clinical psychotic symptoms (12, 44) in patients. 
In that study, patients with a fi rst episode of psychosis were included and 
were medication-naïve, so that potential confounders such as duration of 
illness, drug use and anti-psychotic medication were minimized (12). A study 
by Wang and colleagues (10) found a negative correlation between the 
PANSS and GE and LE, but used a general linear model that did not include 
covariates such as handedness and level of education. Most patients in the 
current study were in a remitted phase as refl ected by the relatively low 
PANSS scores with little variance and had shorter illness duration than the 
patients in the study of Wang and colleagues (10). Based on the previous 
literature on patients with psychotic disorder, it could be speculated that 
alterations in white matter network-connectivity and phenotypic correlates 
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are more likely to be detected at the more severe side of the psychosis 
spectrum. However, this does not hold when examining individuals at the 
lower end of the spectrum (see below).

Association between topological measures and subclinical psychotic 
symptoms
The current study showed that associations between SIS-r positive and 
negative symptom domains and regional network-connectivity properties 
were not conditional on group (sibling/healthy comparison subject). While 
regional differences were not associated with symptoms, the overall 
network-measure approach showed some group differences. In siblings, 
signifi cant negative associations between SIS-r positive symptoms and 
respectively overall LE and CC were found, which was not the case for the 
healthy comparison subjects. In addition, there was a signifi cant negative 
association between SIS-r negative symptoms and CC in siblings, but 
not in controls. This indicates that differential subclinical symptom-global 
white matter network-connectivity associations may exist, depending on 
the genetic risk for psychotic disorder. A limited number of studies have 
examined the association between subclinical symptoms and topological 
measures in the general population or in siblings of patients with psychotic 
disorder. One study in help-seeking individuals with an at-risk-mental state 
in a population-based cohort showed that reduced rich-club organization 
was associated with an increased severity of negative symptoms as 
measured by the Scale for the Assessment of Negative Symptoms (19). 
In another study, no signifi cant correlation was found between rich club 
connectivity (integration between hubs) and total subclinical psychotic 
symptoms measured by the CAPE in siblings (14). The CAPE, in contrast 
to the SIS-r, allows for measurement of separate frequency and distress 
scales over the past 12 months (45), allowing for a broader assessment of 
subclinical psychotic symptoms since distress from the symptoms can be 
more informative compared to the frequency. While rich club connectivity 
does measure a different feature of the structural network architecture, 
as stated in the previous paragraph, the current fi ndings on subclinical 
symptoms in individual at higher than average genetic risk (siblings) not 
being associated with regional effi ciency and clustering, may agree with 
other research fi ndings in individuals at the highest genetic risk level 
(patients). The fi nding in siblings that lower overall LE and CC is associated 
with higher SIS-r positive scores, and that lower CC is associated with 
higher SIS-r negative symptoms scores, shows that, at the subclinical level, 
symptom-network connectivity association patterns can be detected and 
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that differential patterns may exist dependent on the background genetic 
risk level, a fi nding that warrants replication. 

Methodological considerations
Particular strengths of this study are the relatively large sample size, 
including a sample of siblings (higher than average genetic risk), which 
allowed for examination of topological measures in a genetically sensitive 
design in which illness-related confounding factors were not present. 
There were large differences in other (non-cannabis) drug use between 
the groups. As described in table 1, the average non-cannabis drug use over 
the last year was higher in patients (22.5 times) compared to controls 
(4.7 times) and siblings (0.4 times). While the statistical models included 
cannabis use as a confounder, non-cannabis drug use may have infl uenced 
the results. Of note, there was substantial variation in the amount of non-
cannabis use over the last year in patients. In order to not overcorrect 
on patient status and because of the low variance of non-cannabis use in 
siblings and of medication use in siblings and controls, the models did not 
include non-cannabis drug use and medication as confouders. 
A problem in region-based analyses of topological measures is the necessity 
to correct for multiple comparisons, while maintaining suffi cient statistical 
power. As there is no consensus on how to control for these multiple tests, 
we chose to be conservative.
Topological measures of the structural brain networks are highly dependent 
on the wiring cost of the network, which can be described as the number 
of possible connections between regions (46). Due to alternatives for 
setting a threshold of the wiring cost of the network, studies could show 
different results and make them less generalizable. Moreover, the applied 
deterministic tractography algorithm could have infl uenced the results of 
the network-based connectivity analyses. While this approach was carefully 
chosen, studies have shown that other algorithms may provide different 
network-based outcomes (31, 47). 

Conclusion
This cross-sectional study analyzed structural white matter network-
connectivity in individuals at different levels of genetic risk for psychotic 
disorder. The results showed absence of differences in three network-
connectivity properties between patients with psychotic disorder, siblings, 
and healthy comparison subjects, except for an increased CC in the sibling 
compared against patients. Symptom measurements were not associated 
with the regional network-properties in patients, while in siblings a higher 
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SIS-r positive symptom score was associated with lower overall LE/CC 
and a higher SIS-r negative symptom score was associated with lower 
overall CC. Although the fi ndings were not in line with the a priori stated 
hypotheses, the current study adds to the literature by providing evidence 
for absence of network-based connectivity in individuals with (vulnerability 
for) psychotic disorder. With respect to global network-connectivity 
parameters, differential patterns of association with subclinical symptoms 
may exist between siblings and controls.
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Supplementary materials

Additional methodological information
Contribution of families
Fifty-six families participated: 35 families with one patient and one healthy 
sibling, three families with one patient and three siblings. One family with 
two patients, six families with two healthy siblings, and one family with three 
healthy siblings. In the control group, there were nine families with two 
siblings. Furthermore, 44 families contributed a single patient, 34 families 
contributed a single sibling, and 62 families, contributed a single control.

MRI data acquisition
MRI scans were obtained at Maastricht University, the Netherlands, using 
an Allegra syngo MR A30 (Siemens, Erlangen, Germany) operating at 3.0 
Tesla. For the anatomical scan these parameters were used: Modifi ed 
Driven Equilibrium Fourier Transform (MDEFT) sequence; 176 slices, 1 
mm isotropic voxel size, echo time 2.4 msec, repetition time 7.92 msec, 
inversion time 910 msec, fl ip angle 15°, total acquisition time 12 min 51 
sec; Magnetization Prepared Rapid Acquisition Gradient-Echo (MPRAGE; 
Alzheimer’s Disease Neuroimaging Initiative) sequence 192 slices, 1 mm 
isotropic voxel size, echo time 2.6 msec, repetition time 2250 msec, 
inversion time 900 msec, fl ip angle 9°, total acquisition time 7 min 23 sec. 
The matrix size was 256 x 256 and fi eld of view was 256 x 256 mm2. The 
number of excitations was one. Because of a scanner update during data 
collection, two different scans were used. 
The DTI data were acquired with an echo-planar-imaging sequence (fi eld 
of view 230 x 230 mm2, TR 10800 ms, TE 84 ms, 1.8 mm isotropic voxel 
size, b-value 1000 s/mm², noise level 40, 85 slices, no overlap). Due to the 
scanner update, two DTI sequences were used: one with 76 directions (of 
which 4 T2-weighted (B0) and 72 diffusion-weighted (B)), and one with 81 
directions (8xB0 and 73xB). The amount of scans with 76 directions was 
equalized between groups (78% in controls, 75% in siblings and 69% in 
patients (χ2 =1.52, P= 0.468), avoiding any systematic bias. Total acquisition 
time of the DTI sequence was 15 minutes.

Data processing
Raw DICOM images were converted to NIfTI standard using the tool 
“dcm2nii” from the MRIcron software package (168) and cropped to 
remove sagittal slices containing background noise. The cropping procedure 
reduces data and processing time.
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The next step in processing the DWI data was the conversion from 
NIfTI standard to .mat standard using ExploreDTI (169) in MatLab 
(The MathWorks, Inc., Natick, Massachusetts, United States). Participant 
movement and eddy-current induced geometrical distortions were 
corrected by realigning the DW images to the B0 images incorporating 
B-matrix rotation (223) and coregistered to the individual’s T1 data to 
correct for echo-planar imaging (EPI) distortion (170, 171). The diffusion 
tensor metrics were calculated using the Robust Estimation of Tensors by 
Outlier Rejection (RESTORE) method (172). Fractional Anisotropy (FA) 
maps were calculated with a threshold of < 0.25.

Supplement to table 1
There were missing data in table 1. Data not available: 8 missings for 
cannabis use (2 controls; 4 siblings; 2 patients); 4 missings for hard drug use 
(2 controls and 2 patients); 20 missings for AP exposure; 1 patient missing 
all PANSS scores, remission, age of onset and duration of illness; 4 controls 
missing for all PANSS scores; 10 siblings missing for all PANSS scores plus 
2 missing for negative and disorganization; 2 patients missings for PANSS 
disorganization; 1 missing for SIS-r negative scale (1 control); 33 missings for 
alcohol use (11 controls, 14 siblings and 8 patients). 
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Abstract
Background: Previous research in patients with psychotic disorder 
has shown widespread abnormalities in brain activation during reward 
anticipation. Research at the level of subclinical psychotic experiences 
in individuals unexposed to antipsychotic medication is limited with 
inconclusive results. Therefore, brain activation during reward anticipation 
was examined in a larger sample of individuals with subclinical psychotic 
experiences (PE).
Methods: A sample of emerging adults aged 16-26 years (n=47) with PE 
and healthy controls (HC) (n=40) underwent fMRI scanning. The Monetary 
Incentive Delay task was conducted with cues related to win, loss or 
neutral conditions. fMRI nonparametric tests were used to examine the 
reward versus neutral cue contrast.

Results: A signifi cant main effect of the large win (€3.00) > neutral 
contrast was found in both groups showing activation in many brain 
areas, including classic reward regions. Whole brain analysis on the group 
comparison regarding the large win > neutral contrast showed signifi cantly 
decreased activation in the right insula, putamen and supramarginal gyrus in 
the PE-group compared to controls. There was no group difference in the 
hypothesized reward-related region. 

Conclusions: Decreased activation in the right insula, putamen and 
supramarginal gyrus during reward anticipation in individuals with PE may 
be consistent with altered processing of sensory information, related to 
decreased emotional valuing and motivational tendencies and/or altered 
motor-cognitive processes. The absence of group differences in ventral 
striatal activation suggests that activation here is intact in the earliest stages 
of psychosis and may exhibit progressive deterioration in as the disease 
state develops.
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Introduction
Development of the adolescent brain towards adulthood continues until 
the age of 25 years and a broad range of developmental and environmental 
factors impact during this time frame. The same developmental phase is 
also associated with a high risk of developing a mental disorder, 75% of 
psychiatric morbidity presenting with an onset before the age of 24 years 
(1). The emergence of a fi rst psychotic episode is often preceded by a 
phase of subclinical psychotic experiences comprising mild positive (e.g., 
hallucinations and delusions) or negative symptoms (e.g., affective fl attening, 
anhedonia and motivational impairment) with accompanying distress. The 
prevalence of these broadly defi ned subclinical psychotic experiences is 
estimated at 7% in the general population (2), and they have been found 
to predict persistence and severity of later psychopathology including 
psychotic disorder (3-6). Motivation for or engagement in activities that 
involve getting rewards and gaining pleasure is generally lower in patients 
with psychotic disorder (7). The processing of reward can be parsed into 
(at least) two stages; the anticipation and the consumption of reward, 
and these are thought to have dissociable neural substrates (8). Reward 
anticipation is the expectation of reward, often associated with a learned, 
therefore expected, positive reinforcement of an action, which often 
stimulates behavior by engaging motivation. In order to investigate the brain 
circuitry underlying reward anticipation, functional MRI (fMRI) can be used 
for in vivo functional assessment of this psychological function. The neural 
correlates of reward anticipation can be assessed in vivo in an fMRI scanner 
using the Monetary Incentive Delay task (MIDt); in this task the participant 
can win money according to performance, which consists of a rapid button 
press in response cues signaling the magnitude of rewarding feedback 
available (9, 10). The most widely reported measure in this task is brain 
activation at the time of the cue signaling the potential for a large reward 
versus activation at the time of a cue associated with a neutral outcome; 
this contrast evokes robust activation in the ventral striatum (VST) and and 
widespread cortical regions (11).

A substantial body of fMRI literature has confi rmed striatal involvement in 
reward anticipation (12). In a large-scale synthesis of fMRI studies of healthy 
participants, the VST was presented as a key region in reward anticipation 
(13). To date, studies show some difference in fMRI activation during reward 
consumption between patients with psychotic disorder and controls (14, 
15). Furthermore, several studies have reported alterations in reward 
anticipation in patients with psychotic disorder in comparison with healthy 
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controls using the MIDt (16, 17). In drug-naïve fi rst episode patients with 
schizophrenia, decreased activation was observed in the VST during reward 
anticipation, compared to controls (18, 19). Another study in unmedicated 
patients with schizophrenia showed reduced VST activation during reward 
anticipation compared to healthy controls, with decreased activation in the 
left VST being inversely correlated with severity of negative symptoms (20, 
21). Furthermore, a neuro-functional meta-analysis examining specifi cally 
the VST, combined 23 studies in patients with schizophrenia spectrum 
disorders compared to controls concluded that VST was hypoactive during 
reward anticipation (22). 

There is less literature on individuals with subclinical psychotic experiences 
and available studies generally have modest samples sizes, with about 20-30 
participants per group. Alterations in VST activation have been described 
during reward anticipation in some studies (21, 23), but another found 
no differences in VST activation in people with schizotypal personality 
trait symptoms (n=26) compared to controls (24). In contrast, decreased 
VST activation with increasing levels of psychotic experiences based on 
the Community Assessment of Psychic Experiences (CAPE) in a fairly 
limited healthy sample (n=11) has been reported (25). A study of siblings 
of psychotic patients, investigating higher than average risk for psychotic 
disorder, in a comparison with controls, also showed reduced activation in 
the VST, insula, and supplementary motor area during reward anticipation 
(26). Another study in fi rst-degree relatives found no differences in striatal 
areas related to reward processing, but did fi nd deactivation in the insula, 
posterior cingulate cortex and medial frontal gyrus (27). The fi ndings in 
relatives suggested that part of the genetic susceptibility to psychosis may 
be expressed as altered reward anticipation. This is in agreement with a 
study on 22q11.2 deletion syndrome (a genetic model to study elevated 
risk for psychotic disorder in people who have a microdeletion on the 
long arm of chromosome 22), which reported reduced activation in the 
medial frontal regions during reward anticipation compared to controls 
(28). Furthermore, one study with a larger sample of participants from 
the general population using polygenetic risk profi le scores (PRS), found 
a positive association between psychosis PRS and VST activation during 
reward anticipation (29). This may indicate hyperactivation in the VST 
related to PRS and seems to oppose other smaller studies on genetic 
susceptibility to psychosis (although note that that study used a slightly 
unusual contrast, thus differs in methodology from most other studies on 
the MID) (30). Overall, these studies provide some suggestion that elevated 
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genetic risk for psychotic disorder may be associated with alterations in 
reward anticipation; it remains unknown whether individuals at clinical risk 
of psychosis have reward anticipation defi cits.

As the literature on reward anticipation in individuals with subclinical 
expression of psychosis is sparse and inconsistent, the current study 
investigated reward anticipation in emerging adults (aged 16 to 25 years) 
at psychometric risk for psychotic disorder, compared to healthy controls, 
analyzing a larger sample size than previous studies. Based on what has been 
described in the literature, it was hypothesized that in a group of emerging 
adults with subclinical psychotic experiences (PE), reward anticipation 
related brain activation would be changed with respect to healthy controls. 
This was examined, fi rst, at the whole brain level and, second, more 
specifi cally, focussing on the VST as an priori defi ned region of interest to 
investigate in the context of reward anticipation. Explorative analyses were 
conducted to investigate the relationship between fMRI reward anticipation 
and mild psychopathology (CAPA positive and MADRS).

Methods
Participants
This cross-sectional study took place within the Smartscan project (Dutch 
Trial Register Number: NTR3808), comprising a sample of emerging adults 
aged 16-25 years with subclinical psychotic experiences (PE-group) as well 
as a comparison group without psychopathology, in the region of Southern 
Limburg in the Netherlands. Participants were recruited via advertisements, 
posters, or via referral by primary health care professionals. The inclusion 
criteria for the PE-group were based on a Community Assessment of 
Psychic Experiences (CAPE (31)) positive subscale frequency score of ≥10 
and/or a CAPE distress score on the positive subscale of ≥2, in combination 
with a Global Assessment of Functioning (GAF (32)) of <70 (33). The Mini 
International Neuropsychiatric Interview (MINI) was used to identify 
addictive substance abuse and additional axis I diagnoses. 
Inclusion for the control group was based on a depression score derived 
from the Montgomery–Åsberg Depression Rating Scale (MADRS (34)) 
of <10, a CAPE positive subscale frequency score of <10 in combination 
with a distress score of <2. Level of education was indexed by the 
completed level of education ranging from 0 (no education completed) 
to 7 (completed master degree). Individuals with a history of psychiatric 
diagnosis or treatment were excluded from the control group.
Exclusion criteria were current psychological or psychiatric treatment, 
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signifi cant need for care, left-handedness, a history of neurological disorder 
(e.g. severe brain injury with unconsciousness, meningitis, migraine or 
epilepsy) or MRI contraindications (e.g. cardiac arrhythmia, diabetes, and 
claustrophobia). In addition, participants with implanted ferromagnetic 
materials were excluded from the study, as were women with (suspected) 
pregnancy. The medical ethics committee of Maastricht University Medical 
Center approved this study according to the declaration of Helsinki. All 
participants gave written informed consent in person and additionally via a 
proxy (a parent) when younger than 18 years of age (n=4). 

Monetary Incentive Delay task
An adapted version of the Monetary Incentive Delay task (MIDt) by 
Knutson et al (9) was used to investigate brain activity during reward 
anticipation. In the MIDt, participants start with €5 and can win or avoid 
losing money, depending on their response to the target (fi gure 1). To 
minimize learning effects during the scan, the task was explained and 
practiced twice before the start: once outside the MRI scanner and once 
inside, just before the start of scanning. The task included two runs (each 6 
min, 12 s) of 72 randomly ordered trials. Each trial started with a fi xation 
cross (duration 200ms), followed by a cue (266ms) and a variable delay 
of 2000-2500ms (fi gure 1). Visual cues were presented indicating reward 
(circle), loss (square) or neutral (triangle) conditions. The reward and loss 
amount increased with the number of lines from €0.10 to €0.60 and €3.00, 
and the money gain was paid as an incentive after completion. After the 
cue and fi rst delay phase, the participants had to respond to the target via 
a button press with the right index fi nger in order to get the reward or 
avoid losing (e.g. at level 5, target durations were 266ms, 216ms and 166ms; 
slow, medium and fast), followed by the second delay phase (1025ms) and a 
feedback phase (1468ms). The feedback phase showed win or loss and the 
current amount of money. 
Task diffi culty was set by the researcher after the practice trial and adjusted 
after the fi rst run (if the success rate was >66%). Diffi culty settings were 
based on RTs and varied between slow, medium and fast target duration. 
The task was shown on a screen (resolution 1920x1200 pixels) via E-prime 
v2.0.10.242 software (Psychology Software Tools, Inc. Pittsburgh, PA) (35) 
in the fMRI scanner using a Windows computer. Responses were recorded 
via a fi ber optic button box (Current Designs, Inc., Philadelphia, PA). Event 
onsets were recorded and synchronized with the fMRI start. At the fi rst 
delay start (delay 1 in fi gure 1), the reward anticipation was determined and 
related to specifi c cue shapes. 
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Acquisition
MRI scans were acquired at Scannexus, Maastricht, The Netherlands, on 
a 3T Siemens Magnetom Prisma system (Siemens, Erlangen, Germany) 
equipped with a 64-channel head/neck coil. Whole brain T1-weighted 
Magnetization Prepared Rapid Acquisition Gradient Echo (MPRAGE) 
images with a voxel size of 1.0x1.0x1.0mm were acquired (repetition 
time (TR)=2250msec, echo time (TE)=2.21msec, fl ip angle=9°, fi eld of 
view (FOV)=256x256, 192 sagittal orientated slices, GRAPPA=2, no fat 
suppression, acquisition time (TA)=5.05 min). Whole brain functional scans 
were acquired using a T2*-weighted echo-planar imaging (EPI) sequence 
(TR=2450msec, TE=28msec, fl ip angle=75°, interleaved ascending order, 
FOV=72x72, 47 slices in axial orientation, A>P phase encoding, GRAPPA=3, 
TA=6.33min) with a voxel size of 3x3x3mm. For each run 155 volumes 
were acquired.

fMRI processing
After conversion of raw DICOM images to NIfTI format (36), fi rst level 
analysis of the FMRI data processing was carried out using FEAT (FMRI 
Expert Analysis Tool) Version 6.00, in FSL (FMRIB’s Software Library, www.
fmrib.ox.ac.uk/fsl). Registration to standard space images was carried 
out using FLIRT (FMRIB’s Linear Image Registration Tool) (37, 38) and 
registration to high resolution anatomical data was done using BBR 
(Boundary-Based Registration) (39). 

The following pre-processing steps were applied: motion correction with 
the middle volume as the reference using MCFLIRT (37); slice-timing 
correction using Fourier-space time-series phase-shifting; fMRI non-
brain removal using BET (40); on the anatomical scans, after removing 50 
axial slices of the neck and fi ve sagittal slices on each side of the head, 
skull stripping was done using a hybrid watershed/surface deformation 
procedure incorporated in FreeSurfer v5.3 recon-all (www.freesurfer.
net) (41); spatial smoothing using a Gaussian kernel of FWHM 6.0mm; 
grand-mean intensity normalisation of the entire 4D dataset by a single 
multiplicative factor; highpass temporal fi ltering (Gaussian-weighted least-
squares straight line fi tting, with cutoff = 100s). Normalization using FNIRT 
was done into the Montreal Neurological Institute 152 stereotaxic space 
(42). The general linear model (GLM) was created with 16 regressors for 
the fi rst level: circles_small_hit, circles_small_miss, circles_medium_hit, 
circles_medium_miss, circles_large_hit, circles_large_miss, triangles_hit, 
triangles_miss, squares_small_hit, squares_small_miss, squares_medium_hit, 
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squares_medium_miss, squares_large_hit, squares_large_miss, button_
press and non_response. Note: hit and miss conditions were split up in 
the model and hit conditions were added to the model to link a positive 
outcome to the anticipation of the reward. The model incorporated only 
the early delay phase; the anticipation just after cue representation until 
target onset.

Time-series statistical analysis was carried out using FMRIB’s Improved 
Linear Model (FILM) with local autocorrelation correction (43). A total of 
four Contrasts Of Parameter Estimates (COPEs) were created for the hit 
conditions: small reward (circles_small>triangles), medium reward (circles_
medium>triangles), high reward (circles_large>triangles) and total reward 
(circles>triangles). The standard (three rotations and three translations) 
and extended (the derivative of the motion parameters and the squares 
of the parameters and derivatives) motion parameters and button press 
were added as confounders. Motion above the threshold of 3mm in any of 
the directions lead to exclusion of the dataset. A manual data quality check 
was conducted for each dataset to check for any errors in the registration. 
Next, for each individual, the two runs were averaged to obtain one COPE 
by using fi xed effects GLM in FSL FEAT. 

Whole brain fMRI analysis
Whole brain group analysis was conducted using the mixed effects model 
FLAME (FMRIB’s Local Analysis of Mixed Effects) stage 1+2 in FSL with a 
total of four contrasts: main effect of PE group, main effect of HC group, 
PE>HC, and HC>PE (44-46). Z-statistic images were cluster thresholded 
at Z>3.1 and a (corrected) cluster signifi cance threshold of p=0.05 (47). 
Non-parametric permutation for inference testing was done using FSL’s 
randomise tool (48). A total of 5000 permutations were done for the 
same four contrasts to compare results. Statistical analyses were done 
for the high reward condition, i.e., comparing the COPE for circles_large 
> triangles cue shapes, providing parameter estimates as a proxy for task 
related brain activation. In line with previous studies this COPE has been 
selected and the non-response is expected to be lowest for the high 
reward. 
In two separate models, a voxelwise regression against CAPE positive 
symptom frequency and MADRS total score was conducted. The models 
included age, sex and educational level as the a priori hypothesized 
confounding factors.
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Region of interest (ROI) analysis
In addition to the whole brain analysis, a specifi c ROI analysis was 
conducted in the ventral striatum (STR), based on the ROI defi ned 
by Mawlawi, Martinez and colleagues (49), (50) (see Figure 1 in the 
supplementary materials). With the application of FSL’s featquery the mean 
parameter estimate per participant was extracted and exported for use in 
statistical analysis in STATA (release 13) (51). In STATA, linear regression 
models were applied to examine group differences with age, sex and 
educational level as the a priori hypothesized confounding factors. Groups 
were coded ‘0’ for HC-group and ‘1’ for PE-group.
Furthermore, to investigate the association between mild psychopathology 
and reward anticipation, analyses on symptom scales has been performed. 
The associations between CAPE positive frequency, distress and MADRS 
total score were examined with mean parameter estimates for the VST in 
separate regression models including the a priori hypothesized confounders.

Behavioral analyses
The task was split usp in two runs. Both runs were analyzed separately and 
combined. In order to study the validity of the reward-anticipation test, 
learning effects and group effects in the behavioral data were examined 
(10). Mean reaction time (in milliseconds) and number of non-responses, 
indicating task compliance and engagement, were recorded per cue shape 
and differences between groups were examined. Comparability between 
groups with regard to the diffi culty level per individual and incentive 
outcome (gain in euros) was also examined. For these purposes, t-tests and 
χ2 -tests were done in STATA release 13 (51).
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Results
Eighty-seven participants completed the entire interview assessment, had 
quality approved fMRI scans and were assigned to the PE (n=47) or HC 
(n=40) group. Mean age and sex did not differ between groups (see table 
1). On average, participants were 22 years old, with slightly more females in 
the PE-group (n=40) compared to the HC-group (n=33). Educational level 
was lower in the PE-group compared to the HC-group (p=0.02). CAPE and 
MADRS scores were signifi cantly higher in the PE-group while GAF scores 
were signifi cantly lower.

Table 1: Demographic information per group. 

 PE-group (n=47) HC-group (n=40)
Age (mean (SD)) 21.5 (2.50) 21.9 (1.73)
Sex (%female) 40 (85%) 33 (82%)
Education level (mean (SD)) 5.85 (0.62) 6.17 (0.64)
CAPE positive score (mean (SD)) 4.45 (3.07) 0.90 (1.41)
CAPE positive distress score (mean (SD)) 4.47 (3.14) 0.17 (0.38)
MADRS total score (mean (SD)) 13.53 (7.18) 1.42 (1.85)
GAF global functioning (mean (SD)) 63.74 (10.90) 86.65 (6.50)

PE; subclinical psychotic experiences and HC; healthy controls. Means and standard 
deviations are provided, sex is in % female. CAPE; Community Assessment of Psychic 
Experiences, MADRS; Montgomery–Åsberg Depression Rating Scale, GAF; Global 
Assessment of Functioning.

MIDt behavioral analysis
Table 2 shows the descriptive results of the MIDt; the mean RT with 
standard deviation per cue and the total money gain, per run and per group. 
For the RT towards the circle (win), square (loss) and triangle (neutral) 
cue, no differences were found between the PE-group and HC-group (RT 
reward p = 0.52, loss p = 0.70 and neutral p = 0.18). 
RTs for neutral cues were longer in both groups compared to the 
reward and loss cues. The difference on the money gain between the 
HC (15.17±4.89 euro) and PE-group (13.17 ±5.66 euro) did not reach 
signifi cance (p=0.08). The mean diffi culty level (ranging from 1 – 5) was 4.19 
in the PE-group and 4.05 in the HC-group in the fi rst run. For the second 
run, the mean was 3.74 in the PE-group and 3.92 in the HC-group. Diffi culty 
levels were not signifi cantly different between groups (run 1 p=0.4614; run 
2 p=0.45). The RTs to the cue shapes were equal for both groups (table 2). 
Non-responses were equal in both groups for the reward (p=0.59), loss 
(p=0.06) and neutral (p=0.88) shapes.
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Table 2. Overview of MIDt reaction times overall, per run and per cue shape and total 
money gain. 

HC-group 
(n=40)

PE-group 
(n=47)

Difference P-value

Overall

RT Circles (ms) 208 (24) 205 (22) -3.18 p=0.52

RT Squares (ms) 209 (25) 207 (19)* -1.83 p=0.70

RT Triangles (ms) 221 (25) 214 (25) -7.07 p=0.18

Non-response Circles 20 (4.2) 21 (5.1) 1.01 p=0.32

Non-response Squares 20 (4.3) 22 (4.7) 1.87 p=0.06

Non-response Triangles 17 (4.0) 17 (4.0) 0.13 p=0.88

Money gain (euro) 15.17 (4.89) 13.17 (5.66) -2.00 p=0.08

Run 1

RT Circles (ms) 210 (26) 207 (22) -2.79 p=0.59

RT Squares (ms) 211 (25) 212 (19)* 1.54 p=0.75

RT Triangles (ms) 223 (27) 214 (24) -9.21 p=0.10

Run 2

RT Circles (ms) 207 (26) 203 (28) -3.56 p=0.54

RT Squares (ms) 208 (28) 204 (25) -4.32 p=0.45

RT Triangles (ms) 219 (27) 214 (30) -4.92 p=0.43
Means and standard deviations (between brackets) are provided (PE; subclinical psychotic 
experiences and HC; healthy controls, * = one missing value due to nonresponse by one 
participant on the square_small cue). Reported values are based on t-tests. The difference 
is reported as HC-group minus PE-group.

Whole brain fMRI fi ndings
Main effects
The whole brain analysis showed increased (high reward contrast; 
circles_large whole brain analysis, family-wise error corrected for multiple 
comparisons, showed increased (high reward contrast; circles_large > 
triangles) activation in widespread regions the ventral striatum, frontal 
cortex (including VMPFC and OFC), VTA, insular cortex and occipital lobe 
in the PE and control group (a similar pattern to that observed by Jia et 
al 2016 (11)). This analysis yielded a signifi cant cluster for the high reward 
contrast in both groups. In the HC-group, the cluster included 122272 
voxels, with Z=12.4 as the peak voxel in the occipital lobe at Montreal 
Neurological Institute (MNI) coordinate 12, -86, -6 (x,y,z) (fi gure 2). In 
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the PE-group the cluster included 113565 voxels, with Z=11.4 as its peak 
located in the insular cortex at MNI 32, 22, -4 (fi gure 3). A table with local 
maxima per group is provided in the supplementary material (Table 1 in the 
Supplementary material).
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Group differences
Two signifi cant clusters were found when examining the PE-group < HC-
group on the high reward contrast (fi gure 4). These clusters were located 
in the right supramarginal gyrus (551 voxels; Z=3.87; MNI 42, -42, 38; BA40, 
fi gure 5) and the right insula and putamen (487 voxels; Z=4.02; MNI 32, 
22, -4; BA13, fi gure 6). The other contrast (PE-group > HC-group) did not 
show signifi cant effects above the threshold.

The fi ndings were confi rmed by non-parametric testing showing overlap in 
the group main effect for the high reward and the two largest clusters in 
the right supramarginal gyrus (382 voxels; Z=3.35 MNI 38, -44, 38) and the 
right insula (273 voxels; Z=3.09, MNI 22, 36, -12).

Symptom regression
Whole brain voxelwise regression analyses showed no signifi cant voxels 
below the p<0.05 threshold in the CAPE positive frequency symptom score 
and MADRS total score models.
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Figure 5. Boxplot of the mean parameter estimate per group in the right supramarginal 
gyrus (whole brain analyses). HC-group; Healthy Control group and PE-group; Subclinical 
Psychotic Experiences group.

Figure 6. Boxplot of the mean parameter estimate per group in the right insula (whole 
brain analyses). HC-group; Healthy Control group and PE-group; Subclinical Psychotic 
Experiences group.
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ROI analyses
The linear regression analysis on the STR did not indicate any signifi cant 
difference between the PE-group and the HC-group on the big reward 
contrast (see table 3).

Table 3: Region of interest (ROI) differences for the big reward (circles_large > triangles) 
contrast. 

ROI PE-group HC-group B P-value

Striatal cortex 55.37 (±46.27) 64.80 (±44.23) -7.77 0.45
PE: subclinical psychotic experiences, HC: healthy control. Mean and standard deviation for 
parameter estimate for STR is provided. The linear regression model included age, sex and 
educational level as confounding factors. 

ROI and symptom analysis
Based on the regression analysis there was no signifi cant association 
between the parameter estimate in the STR ROI and CAPE positive 
frequency score (B=1.99, p=0.23), CAPE positive distress score (B=1.36, 
p=0.39) and MADRS total score (B=-0.16; p=0.80).

Discussion
The current study presents fi ndings in fMRI alterations during reward 
anticipation in a sample of individuals with subclinical psychotic experiences 
(PE) compared to healthy controls during reward anticipation. The 
behavioral task outcomes (money gain, reaction times and non-responses) 
were similar in both groups while some differences related to reward 
anticipation were found at the brain level. The right supramarginal gyrus 
and right insula/putamen showed decreased activation during reward 
anticipation in the PE-group compared to the controls. No group 
differences were found in the a priori hypothesized specifi ed region of 
interest of ventral striatum. There were no signifi cant associations between 
the region and mild symptoms of psychopathology.

Whole brain reward anticipation 
Both the PE-group and healthy controls showed increased (high reward 
contrast; circles_large > triangles) activation during reward anticipation 
in regions including the occipital lobe, insular cortex, ventral striatum, 
frontal cortex (including VMPFC and OFC) and VTA, consistent with 
previous studies (11). This fi nding confi rms brain reward-related activation 
during reward anticipation while performing the MID task. In the group 
comparison on reward anticipation, two signifi cant clusters were found. 
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Particularly, the PE-group showed decreased activation in the right 
supramarginal gyrus and the right anterior insula and putamen during 
reward anticipation. The anterior insula has been associated with salience 
processing over a specifi c functional network (52), and prior studies 
using the MID and other reward tasks have indicated its involvement in 
reward processing (53). Interestingly, previous work using the MIDt in 
healthy controls showed increased activation in the right anterior insula 
when rewarding stimuli were presented (10, 20, 54). The current study 
in individuals with PE showed decreased activation in this area, in line 
with a MIDt study in patients with schizophrenia with about the same 
sample size, but somewhat older in age (18, 55). In research focusing on 
reward prediction in patients with psychosis, abnormal responses in the 
insula have been reported (56). Decreased activation in the insula has 
also been found in siblings of patients with schizophrenia (26, 27) while 
MIDt research in so-called ‘ultra high-risk’ (for psychosis) groups of the 
same age did not fi nd alterations in this region (57). However, this study 
was conducted in a sample of 27 participants meeting ultra-high risk 
criteria and may have been underpowered. The insula is a key cortical 
region receiving sensory information from all modalities, and in turn it 
projects heavily to the ventral striatum (58). Furthermore, decreased 
activation in the right anterior insula in the PE-group may be related to 
potential motivational defi cits in this group. The insula is linked to stimulus 
evaluation and for allocating the appropriate arousal for task performance 
and motor preparation, as highlighted in a sample of 11 participants (59). 
Motor preparation and selective attention features play a role in the 
MIDt, since participants prepare to engage a button press and have to 
pay attention to the task. Furthermore, the insula is involved in emotional 
arousal, neural mapping of body states and subjective feeling states (60). 
This interoceptive process may be dampened in individuals with mild 
psychotic experiences and therefore lead to decreased activation during 
the anticipation of reward. Valueing emotions in the anticipation of reward 
may be related to the anterior insula (61). Another explanation for the 
decreased insular activation that was present in the current study may be 
a developmental shortfall in individuals with psychotic experiences, given 
that during adolescence, brain activation in the insula related to reward 
anticipation tends to increase  with age (62). Decrease in activation during 
reward anticipation in the PE-group was also partly located in the right 
putamen (dorsal striatum). Decreased reward-related activation has been 
found in the right putamen in patients with major depressive disorder (63) 
and psychotic disorder (64). It has been suggested that a reduced putamen 
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response is associated with lowered motivational tendencies in young 
adolescents (65), but its precise role requires further research.

The fi nding of decreased activation in the right supramarginal gyrus 
(inferior parietal lobe) in the PE-group with respect to the healthy controls, 
has previously been reported in unmedicated fi rst episode patients 
with schizophrenia (18). In ultra high-risk groups this fi nding has not 
been described (57). Furthermore, this region seems to be engaged in a 
functional network related to reward anticipation in youngsters at 14 years 
of age (11). The right supramarginal gyrus (inferior parietal lobe) is involved 
in sensory processing, but also supports mathematical operations as it plays 
an important role in number comparisons (66). During the MIDt, individuals 
may process numerical information (i.e., calculate how much they won). The 
supramarginal gyrus may thus be involved in (but not directly related to 
VST) reward processing by means of numerical processing. Reward defi cits 
in the parietal lobe may be specifi c for psychotic disorder, as a prior study 
showed reward processing defi cits in this area in schizophrenia but intact 
activation in depression (67). An abnormal activation in the parietal region 
has previously been associated with reward-related activation during highly 
uncertain outcomes (68). This fi nding of reduced activation during reward 
anticipation in the PE-group requires further research and replication. 

Region of interest analysis
In line with the whole-brain group analyses, no group difference was found 
in the VST region of interest. One explanation is that the region remain 
contained, while at the whole brain level alterations in other regions (right 
insula and supramarginal gyrus) are apparent. In turn, a ROI approach is 
focused on a priori selected region and thus less sensitive compared to 
whole brain analysis, since the method captures mean activation per region 
instead of a voxel-based approach (69). The right insula and supramarginal 
gyrus were not a priori hypothesized areas for the ROI analysis. Previous 
literature showed absence of group differences between individuals with 
subclinical psychotic experiences and healthy controls in VST (and other 
areas outside the VST) activation during reward anticipation (23). Based on 
the results of the current study, it seems that VST is unaffected in emerging 
adults with PE and remains functionally engaged during reward anticipation. 
This contradicts fi ndings of  decreased activation in the VST (25), but is 
in line with one study in people with schizotypical personality traits (24). 
However, the sample sizes of these studies were relatively small. 
Furthermore, there were no signifi cant associations between regions and 
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CAPE positive (frequency and distress) symptom and MADRS scores. This 
may indicate that both subclinical psychotic experiences and depressive 
symptoms are unrelated to reward anticipation in the VST.

MIDt behavioral reward anticipation
The reaction times on the different reward shapes and performance 
outcome (money gain and non-response) on the MIDt were similar across 
both groups. The absence in behavioral differences between groups agrees 
with previous research in subclinical samples (24, 25) as well as fi ndings in 
siblings of patients with psychotic disorder (26, 27, 70). These behavioral 
results validate the fMRI application of the MIDt in this sample.

Methodological considerations
Although a careful design, setup and methodological approach were 
applied, some limitations should be taken into consideration. First, as 
the sample had mixed mild psychotic and depressive symptoms, effects 
on activation during reward anticipation may be confounded. Of the 
participants in the PE-group, 79% also had depressive symptoms (based 
on a MADRS score ≥10). Findings on reward processing in depression has 
indeed some similarity (such as decreased VST activation) with reward 
processing in psychotic disorder (71), but it has not been investigated in 
a mixed symptomatology sample like the current. Previous research has 
focused on isolated groups of people with either psychotic or depressive 
symptomatology, but these samples may be less representative than the 
current as PE are strongly associated with affective psychopathology 
(72) and genetic risk for psychosis is expressed in both the psychotic 
and affective domains (73). Second, the spatial resolution is limited to 
3mm voxel size capturing many neurobiological processes in one voxel. 
The currently used fMRI scan technique operating at 3T only provides an 
estimate of the average activation (as measured via the parameter estimate) 
in the VST. Furthermore, fMRI acquisitions are infl uenced by noise factors 
such as system-related instabilities and physiological fl uctuations unrelated 
to the task. These can have an effect on the fairly low task-related signal 
measured via fMRI in general (74). With more advanced fMRI techniques at 
higher fi eld strength, increased spatial resolution can provide a more fi ne-
grained examination of the reward system.

Conclusion
The current study showed that emerging adults with subclinical psychotic 
experiences have decreased activation in the right supramarginal gyrus, 



4

119

FMRI REWARD ANTICIPATION

right insula and putamen during reward anticipation with respect to 
healthy controls. The decrease in activation may be explained as a defi cit in 
motor preparation and selective attention and/or altered motivational and 
emotional processing (insula), altered motivational tendencies (putamen) or 
altered numerical processing (in the supramaginal gyrus). At the behavioral 
level (reaction times, non-response and monetary gain) the groups displayed 
similar results. No group differences were found in a reward anticipation-
related area such as VST, which was confi rmed by ROI-based analysis. 
This may be related to the relatively low psychometric risk levels and, as 
yet, non-detectable reward-system alterations. It is speculated that more 
regions besides the reward system are engaged during reward anticipation.
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Table 1. Main effect on the high reward contrast (circles_large > triangles) in the healthy 
control (HC) and subclinical psychotic experiences (PE) group. The table provides the 
local maxima within the cluster per group and the x, y, z MNI coordinates. Cluster-based 
correction was applied at the level of Z>3.1.

HC local maxima

Z-value x y z

12.4 12 -86 -6

11.8 32 22 -4

10.7 10 10 2

10.5 -32 20 2

9.67 34 22 2

9.6 0 4 52

PE local maxima

Z-value x y z

11.4 32 22 -4

10.9 10 10 2

10.9 12 -86 -6

9.33 -10 -90 -10

9.14 -8 -2 8

9.03 -8 6 0
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Abstract
Background: Group comparisons of individuals with psychotic disorder 
and controls have shown alterations in white matter microstructure. 
Whether white matter microstructure and network connectivity is altered 
in adolescents with subclinical psychotic experiences (PE) at the lowest end 
of the psychosis severity spectrum is less clear. 
Methods: DWI scan were acquired in 48 individuals with PE and 43 
healthy controls (HC). Traditional DWI parameters: Fractional Anisotropy, 
Axial Diffusivity, Mean Diffusivity and Radial Diffusivity, as well as network 
connectivity measures (global/local effi ciency and clustering coeffi cient) 
were compared between the groups. Subclinical psychopathology was 
assessed with the Community Assessment of Psychic Experiences (CAPE) 
and Montgomery–Åsberg Depression Rating Scale (MADRS) questionnaires 
and, in order to capture momentary subclinical expression of psychosis, the 
Experience Sampling Method (ESM) questionnaires. Within the PE-group, 
interactions between subclinical (momentary) symptoms and brain regions 
in the model of DWI parameters and network connectivity measures were 
investigated in a hypothesis-generating fashion. 
Results: Whole brain analyses showed no group differences in DWI 
parameters and network connectivity measures. In the PE-group, a higher 
positive symptom distress score was associated with both higher local 
effi ciency and clustering coeffi cient in the right middle temporal pole. 
Conclusion: The fi ndings indicate absence of microstructural white matter 
differences between emerging adults with subclinical PE and controls. In the 
PE-group, attenuated symptoms were positively associated with network 
effi ciency/cohesion, which requires replication and may indicate that individuals 
with network alterations may be predisposed to psychotic expression or 
that these cerebral changes are reactive to emerging mild psychopathology.
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Introduction
Over the last decades, white matter ‘integrity’ alterations have been frequently 
reported as a neural characteristic associated with psychotic disorder (1-3). 
Decreased fractional anisotropy (FA, an index for white matter ‘integrity’) in 
fronto-temporal and fronto-limbic connections has also been described in 
help-seeking individuals considered at ultra-high risk for psychosis (4). The 
basis of water diffusion in cerebral white matter can be characterised by FA 
(refl ecting both degree of myelination and coherence of fi ber tracts), but 
also by other indicators such as mean diffusivity (MD; indicates free water 
movement in the white matter), axonal density (AXD; diffusion along the 
fi bre axis indicating axonal packing) and radial diffusivity (RAD; diffusion 
perpendicular to the axis indicating myelin content) (5). Lower AXD and 
increased RAD have respectively been related to a lower number of axons and 
decreased myelin content (6). Previous research on patients with psychotic 
disorder suggests that AXD is unaffected (7-9), whereas RAD and MD may 
be increased with respect to controls (10-12). In addition, higher levels of 
positive psychotic symptoms have been associated with a decrease in FA (13, 
14) and with altered RAD, AXD or MD (15). 
Another element in understanding structural connectivity and alterations 
therein is the network-based approach. This method is complimentary to 
the above described more traditional diffusion-weighted measures (DWI). As 
white matter alterations in psychotic disorder are spatially widespread (16), 
convergence can be achieved through network-based connectivity (17). Indeed, 
studies have pointed towards alterations in white matter network connectivity 
as expressed by widespread fi bre bundle disruption (17), decreased global 
effi ciency (18), fewer prefrontal hubs (brain regions facilitating integration) 
(19, 20) and decrease of frontal lobe nodes (21, 22). Additionally, decreased 
local effi ciency (defi ned as how well information circulates over the network 
(23)) has been described in frontal, temporal, (para)-limbic and putamen 
regions (24, 25). Findings on the clustering coeffi cient (CC; measure of local 
cohesiveness/interconnectedness) are inconsistent, showing increased (26), 
decreased (27) and unchanged CC (28). Furthermore, studies have reported 
negative associations between structural network effi ciency on the one hand, 
and negative and positive symptoms in patients with psychotic disorder on 
the other (18, 29).
While knowledge has accrued regarding microstructural white matter 
alterations in psychotic disorder, little is known about AXD, RAD and MD in 
individuals with early stage, mild psychopathology, such as attenuated psychotic 
symptoms. Individuals with expression of attenuated psychotic symptoms are 
at increased risk for later stage emergence or persistence of psychopathology 
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(30). This group of individuals can be distinguished from clinical psychotic 
disorder based on the lower intensity and frequency of symptoms and 
associated distress of the attenuated symptoms (31). Attenuated psychotic 
symptoms have an estimated prevalence of 7.2% in the general population 
(32), and a similar prevalence (6.9%) of attenuated psychotic symptoms 
has been described in adolescent populations (33). The existing literature 
on structural white matter changes in individuals with subclinical psychotic 
experiences (PE) involves samples with diverse defi nitions and risks. One study 
found an association between increased psychosis-proneness and decreased 
FA in the frontal lobe in individuals with psychosis-linked personality traits 
(34). Another study in young adults at familial risk for developing psychosis, 
reported decreased FA and increased RAD in association and projection 
fi bers in the left hemisphere (35). In contrast, increased FA and MD have 
been found in help-seeking individuals with so-called Ultra-High-Risk (UHR) 
status compared to controls (4). A one-year follow up study on individuals 
with an ‘at risk mental state’ (ARMS), found decreased FA and that only the 
individuals without transition to psychosis showed improvement of symptom 
levels associated with an increase in FA over the follow-up period (36).
Previous studies have also examined network-connectivity alterations 
in individuals with subclinical PE compared to controls. One study found 
lower betweenness centrality (the number of shortest paths passing through 
a region) in a sample with subclinical expression of psychosis, indicating 
a disruption of the backbone of the hub regions (37). Furthermore, help-
seeking participants considered to have an ARMS showed reduced mean 
strength of the rich-club organisation (how well connected a network is), and 
decreased local effi ciency in the right accumbens, while global effi ciency was 
preserved (38). However, other studies showed increased local effi ciency and 
decreased global effi ciency (39), or reduced global effi ciency and density with 
no alterations in mean clustering coeffi cient and betweenness (40). Overall, 
network measures may be altered in individuals with PE, but the literature 
to date has not yielded a consistent pattern. Evidence for an association 
between attenuated symptoms and network-connectivity comes from 
a report on a negative association between negative symptoms and rich-
club organisation in a help-seeking clinical high risk sample (38), but there is 
also a fi nding of absence of association between attenuated symptoms and 
network-connectivity measures in young adults at familial risk for psychotic 
disorder (41). 
The current study combines network-based measures with traditional 
DWI measures in order to better understand structural white matter 
alterations in emerging adults with mild attenuated symptomatology at the 
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lowest end of the psychosis severity spectrum who were not help-seeking 
(subclinical psychotic experiences and depressive symptoms, hereafter: PE-
group). Based on the above described white matter alterations in psychotic 
disorder and the sparse fi ndings in subclinical samples, it was hypothesized 
that the PE-group would display altered FA, AXD, RAD and MD with respect 
to controls (given the fact that the literature described both higher and 
lower microstructural white matter in PE). We also hypothesize lower global 
effi ciency and local effi ciency and a non-deviated clustering coeffi cient in the 
PE-group compared to controls. Lastly, in the PE-group, associations between 
symptoms and DWI white matter (network) alterations were explored. 
Attenuated symptoms were assessed cross-sectionally using questionnaires. 
In addition, we examined momentary measures of psychopathology using 
Experience Sampling Technology, shedding light on symptoms dynamics in 
the continuous fl ow of daily life, which arguably may be closer to cerebral 
dynamics than the traditional static, period-based psychopathology measures 
(42). Since the literature is inconclusive with respect to regional DWI changes 
and associated attenuated symptoms, a region-based, complementary to the 
whole brain approach, was applied.

Methods
Participants
The study took place within the Smartscan project (Dutch Trial Register 
Number: NTR3808), comprising a sample of individuals between 16-25 years 
of age with attenuated symptoms of depression and psychotic experiences 
(PE-group) as well as a healthy control group, recruited in the area of Southern 
Limburg in the Netherlands. A total of 48 participants were included in the PE-
group and 43 in the healthy control (HC)-group. The inclusion criteria for the 
PE-group were based on the Community Assessment of Psychic Experiences 
(CAPE (43)) positive subscale frequency score ≥10 and/or positive subscale 
distress score ≥2. Participants with a Montgomery–Åsberg Depression 
Rating Scale (MADRS) (44) score ≥10 (45) who met the subclinical PE 
inclusion criteria were also included. Inclusion criteria for the control group 
were based on MADRS <10, CAPE positive subscale frequency score <10 
and CAPE positive subscale distress <2. Individuals with a history of mental 
diagnosis or treatment were excluded from the control group.
General exclusion criteria were current mental health treatment or requiring 
mental health treatment. Exclusion criteria were: left-handedness, a history 
of neurological disorder (e.g. severe brain injury with unconsciousness, 
meningitis, migraine or epilepsy) and MRI contraindications (e.g. diabetes, 
claustrophobia, participants with inclusions of ferromagnetic material, and 
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women with (suspected) pregnancy). 
The local medical ethics committee approved the study according to the 
declaration of Helsinki. All participants gave written informed consent in 
person and in addition a parent when younger than 18 years of age. 

Clinical measures 
Previous mental health treatment in the PE-group was reported per category; 
psychotherapy, pharmacotherapy, paramedical (psychomotor, creative arts 
therapy and social skill training), social support and alternative treatment. 
Lifetime cannabis and other drug use were assessed with the Composite 
International Diagnostic Interview (CIDI) section L (46). Lifetime use was 
calculated by multiplying the number of weeks of use times the weekly 
frequency. Level of education was defi ned by completed level of education 
ranging from 0 (no education) to 7 (master degree). 
The scores of the MADRS, CAPE positive, negative, depressive dimension as 
well as the CAPE total score on both the frequency and distress scales were 
calculated by summing the relevant items (43). 
Momentary measures of subclinical PE in daily life were monitored using 
the Experience Sampling Method (ESM). The questions ‘I feel unreal’ and ‘I 
feel suspicious’ covered the psychosis dimension, based on previous work 
in this area (42, 47). The item-score ranged from 1 (not at all) to 7 (very) 
on a Likert-scale. Individuals were asked to self-monitor their momentary 
mental state with the PsyMate (an electronic device with a touchscreen to 
record answers) during 15 days. The average over the items ‘I feel unreal’ and 
‘I feel suspicious’ was calculated per individual as a composite momentary 
PE-score. At ten semi-random times during the day, the PsyMate signaled the 
participant with a beep, after which a short (5 minute) questionnaire was 
completed within 15 minutes. Data were included if >30% of the completed 
beep questions were available, conform earlier work (48) (in the present 
study > 45 out of 150 beeps). As a result, the number of individuals in the 
ESM analyses was 40 participants in each group (three participants in the 
HC-group and eight in the PE-group were excluded). This sample was used in 
the ESM analyses, while for all other analyses the entire sample was used. 

MRI Acquisition
The MRI scans were acquired on a 3T Siemens Magnetom Prisma system 
(Siemens, Erlangen, Germany) equipped with a 64-channel head/neck coil 
at Scannexus, Maastricht, The Netherlands. T1-weighted Magnetization 
Prepared Rapid Acquisition Gradient Echo (MPRAGE) whole brain images 
were acquired with a voxel size of 1.0mm x 1.0mm x 1.0mm (repetition 
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time (TR) = 2250 msec, echo time (TE) = 2.21 msec, fl ip angle = 9°, fi eld of 
view (FOV) = 256x256, 192 sagittal orientated slices, GRAPPA = 2, no fat 
suppression, acquisition time (TA) = 5.05 min). 
Whole brain structural Diffusion Weighted Imaging scans were acquired 
using an interleaved echo-planar-imaging sequence (fi eld of view 200 x 200 
mm2, TR 7300 ms, TE 49 ms, voxel size 2 x 2 x 2 mm³, b-value 1000 s/mm², 
72 slices, no overlap). 119 directions were recorded; 11 B0 volumes and 108 
B-1000 volumes. Total acquisition time was 14m52s. Due to a scanner update 
a one scan (PE-group) was recorded with TR 7800ms.

Diffusion Weighted Imaging processing
After conversion of raw DICOM images to NIfTI format (49), the DWI data 
were converted from NIfTI standard to .mat standard using ExploreDTI (50) 
in a MatLab (The MathWorks, Inc., Natick, Massachusetts, United States) 
programming environment. Motion and eddy-current induced geometrical 
distortions were corrected by realigning the diffusion images to the B0 images 
incorporating B-matrix rotation (50) and coregistered to the individual’s 
anatomical data to correct for echo-planar imaging (EPI) distortions (51, 52). 
The diffusion tensor metrics were calculated using the Robust Estimation 
of Tensors by Outlier Rejection (RESTORE) method (53). FA maps were 
calculated with a threshold of > 0.2. White matter tracts were reconstructed 
at 1mm3 resolution using deterministic fi ber tractography, for each individual 
dataset (54). Individual MD, AXD and RAD maps were exported from 
ExploreDTI to be used in the next steps.

Tract-based analysis
Tract-based spatial statistics (TBSS) in FSL 5.0.9 (FMRIB Analysis Group, 
Oxford, UK) was effectuated for further processing of the DWI data. 
Nonlinear registration aligned all FA volumes to 1 x 1 x 1 mm standard 
FMRIB58_FA space. The standard FMRIB58_FA consists of a template 
derived from high-resolution images of 58 participants (males and females 
between 20 and 50 years of age) (55). A mean FA skeleton based on the whole 
sample was generated. This skeleton follows the major white matter tracts 
in each individual participant (normalized in MNI152 space) and provides 
a way to examine group differences. The FA threshold was set at 0.2 after 
visual inspection of the FA skeleton in order to include major white matter 
tracts while removing small peripheral tracts that would cause excess inter-
participant variability. A voxel-wise statistical analysis was performed based 
on the mean FA skeleton using a general linear model applying permutation 
testing using FSL’s randomise (v2.9) (56). Based on the FA processing, the 
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mean MD, AXD and RAD were extracted. 

Group differences in DWI measures
Whole brain analyses
Statistical evaluation of group differences in mean FA, AXD, RAD and MD was 
performed in two directions: PE-group > controls and PE-group < controls. 
The a priori hypothesized confounding variables age, sex, level of education, 
lifetime cannabis use and other lifetime drug use (57) were added to this and 
other statistical models described below. A total of 5000 permutations were 
used. A threshold-free cluster enhancement (TFCE) threshold of p>0.05 was 
applied to all statistical tests in TBSS (58). 

ROI analyses
In order to investigate group differences in 38 white matter regions based on 
the Johns Hopkins University International Consortium for Brain Mapping 
(JHU ICBM)-DTI-81 atlas labels (59) the mean FA, AXD, RAD and MD 
per region of interest (ROI) were computed per individual resulting in a 
hierarchical dataset (38 assessments per DWI measure clustered within 
participants). This data was exported and statistically analyzed in R (60). The 
interactions between group and ROI (dummy coded 1 till 38) in the models 
of FA, AXD, RAD and MD were investigated using a multilevel random effects 
model. Group status was coded ‘1’ for PE-group and ‘0’ for HC-group. The 
number of voxels was added to the model as an analytic weight to control for 
ROI size (i.e., the error variance for a particular observation was inversely 
weighted by the number of voxels within the corresponding region). In case 
of a signifi cant interaction between group and ROI (p<0.05), the association 
between group and DWI measure was tested per ROI. Bonferroni correction 
was applied to control the type I error rate, since group differences in 38 
regions were tested. 

Group differences in network parameters
Parcellation of the whole brain fi ber tracts was done using the standard 
automated anatomical atlas labeling (AAL, (61)). This procedure provides 90 
(sub)-cortical brain regions of interest, each representing a node in the white 
matter network. The reconstructed white matter tracts were represented 
as edges between each pair of nodes. The AAL atlas provides proper cortical 
coverage and is widely used in both structural and functional connectivity 
analysis. With the use of the individual brain networks, connectivity measures 
were computed in order to quantify the network architecture using the 
Brain Connectivity Toolbox (62). The connectivity measures were global/
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local effi ciency and clustering coeffi cient. Effi ciency quantifi es the exchange of 
information on a global or local nodal level. Clustering coeffi cient indicates to 
what extent nodes in a network tend to cluster together. Network connectivity 
was described in terms of local effi ciency and clustering coeffi cient (62) based 
on the pass criteria (i.e., where the tract passes through) per ROI node. 
All three connectivity network measures (global effi ciency, local effi ciency 
and clustering coeffi cient) were computed per individual, exported and 
statistically analyzed in R (60). 

Global effi ciency
Group differences in global effi ciency were assessed with a multiple linear 
regression model (wide format).

Local effi ciency and clustering coeffi cient
The interaction between group and ROI in the models of local effi ciency 
and clustering coeffi cient was investigated using a multilevel random effects 
model, including a random effect for participant (long format). The number of 
voxels was added to the model as an analytic weight to control for ROI size 
(i.e., the error variance for a particular observation was inversely weighted by 
the number of voxels within the corresponding region). In case of a signifi cant 
interaction between group and ROI (p<0.05), the association between group 
and DWI measure was tested per ROI. Bonferroni correction was applied 
to control the type I error rate, since group differences in 90 regions were 
tested. 

Associations between attenuated symptoms and DWI white matter 
parameters.
Within the PE-group, the interactions between the CAPE scores and ROI 
in the models of DWI measures FA, AXD, RAD and MD were analyzed in 
multilevel random regression models with a random intercept for participants. 
The same model was used for all four CAPE dimensions (frequency/distress 
scores), the MADRS total score and the ESM momentary composite PE-
score. In case of a signifi cant interaction between symptom and ROI (at a 
conservative level of p<0.01 given multiple tests with symptoms scores), the 
association between symptom score and DWI measure was tested per ROI. 
Bonferroni correction was applied to control the type I error rate, since a 
total of 38 tests were conducted at ROI level. 
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Associations between attenuated symptoms and network connectivity 
parameters
Global effi ciency
Within the PE-group, the association between CAPE score (independent 
variable) and connectivity measure (global effi ciency; dependent variable) 
was investigated using a multiple linear regression model. The same model 
was used for all four CAPE dimensions (frequency/distress), the MADRS 
total score and the ESM composite PE-score. 

Local effi ciency and clustering coeffi cient
Within the PE-group, the interaction between CAPE score and ROI in the 
models of local effi ciency and clustering coeffi cient were analyzed with 
multilevel random regression. The same model was applied for all four 
CAPE dimensions (frequency/distress scores), MADRS total score and ESM 
momentary composite PE-score. In case of a signifi cant interaction between 
symptom and ROI (at a conservative level of p<0.01 given multiple tests 
with symptoms scores), the association between symptom score and DWI 
measure was tested per ROI. Bonferroni correction was applied to control 
the type I error rate, since a total of 90 hypotheses were tested. 

Results
Participant characteristics
Ninety-one participants with quality-controlled DWI scans were included 
for analysis: 48 participants within the PE-group and 43 within the HC-group. 
Groups were comparable with regard to age, sex, educational level, cannabis 
use and lifetime drug use and differed in CAPE symptom scores, MADRS 
score and GAF score as shown in table 1. Individuals in the PE-group reported 
higher levels of momentary ESM composite PE-score in daily life compared 
to the HC-group (table 1).
In 13 participants pertaining to the PE-group, psychotropic medications had 
been used in the past: selective serotonin reuptake inhibitors (2 participants), 
methylphenidate (4 participants), melatonine (4 participants), risperidone 
(1 participant), minor tranquilizers / benzodiazepines (5 individuals) and 
bupropion (1 participant). The number of individuals currently using 
psychotropic medication was 2 (both in the PE-group). These individuals used 
a minor tranquilizer (Valerian) and quetiapine (25 milligram at night) when 
needed. None of the participants were ever admitted to hospital for a mental 
disorder.
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Table 1. Participant characteristics.

HC (n=43) PE (n=48)

Age (mean (sd)) 21.81 (1.69) 21.31 (2.48)

Sex female (%) 35 (81.4) 37 (77.1)

Educational level:

     Lower general education (%) 0 (0.0) 1 (2.1)

     Vocational education (%) 1 (2.3) 2 (4.2)

     High school (%) 2 (4.7) 5 (10.4)

Higher education (Bachelor) (%) 29 (67.4) 37 (77.1)

University (Master) (%) 11 (25.6) 3 (6.2)

CAPE positive frequency (mean (sd)) 0.84 (1.38) 4.71 (2.99)

CAPE positive distress (mean (sd)) 0.16 (0.37) 4.33 (2.90)

CAPE negative frequency (mean (sd)) 3.93 (2.78) 14.14 (6.30)

CAPE negative distress (mean (sd)) 2.14 (2.14) 14.50 (8.14)

CAPE depressive frequency (mean (sd)) 1.88 (1.55) 9.08 (4.50)

CAPE depressive distress (mean (sd)) 1.44 (1.86) 10.35 (5.23)

CAPE total frequency (mean (sd)) 6.65 (4.69) 27.92 (11.89)

CAPE total distress (mean (sd)) 3.74 (3.76) 29.21 (14.11)

MADRS score (mean (sd)) 1.35 (1.81) 13.58 (7.16)

GAF score (mean (sd)) 86.81 (6.34) 62.17 (11.17)

Cannabis lifetime (mean (sd)) 3.05 (9.93) 8.15 (20.25)

Other drugs lifetime (mean (sd)) 0.33 (1.49) 11.06 (50.54)

PE-score (mean (sd))* 1.10 (0.17) 1.66 (0.86)

Means, standard deviations and frequencies are provided per group. HC-group; Healthy 
Control group; PE-group: Subclinical Psychotic Experiences group; CAPE: community 
assessment of psychic experiences; MADRS: Montgomery–Åsberg Depression Rating Scale; 
GAF: Global Assessment of Functioning. The total lifetime cannabis and other drug use 
were calculated by multiplying the frequency per week times the number of weeks of use. 
* ESM data were missing for three participants in the HC-group and eight in the PE-group.

Group differences in DWI measures
Whole brain analyses and ROI analyses
Whole brain TBSS analyses did not show signifi cant differences between the 
groups for any of the DWI measures. Additionally, no signifi cant interaction 
between group and ROI in the model of FA (χ2=34.64, p=0.53), AXD 
(χ2=27.60, p=0.84), RAD (χ2=42.96, p=0.20) and MD (χ2=40.22, p=0.29) 
were found (table 2). 
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Group differences in network connectivity measures
Global effi ciency
Global effi ciency (B=0.0045, p=0.22) was not statistically different between 
groups (table 2). 

Local effi ciency and clustering coeffi cient
The interaction between group and ROI was not signifi cant in the model of 
local effi ciency (χ2=62.55, p=0.98) or in the model of clustering coeffi cient 
(χ2=67.46, p=0.96) (table 2). 

Table 2. Group differences in diffusion weighted imaging and network connectivity 
measures.

 PE-group
Mean (SD)

HC-group
Mean (SD)

B χ2 p-
value

Fractional 
Anisotropy 0.58 (0.084) 0.58 (0.083) n/a 34.64 0.53

Axial 
Diffusivity 0.0014 (0.00018) 0.0014 (0.00017) n/a 27.60 0.84

Radial 
Diffusivity 0.00048 (0.00079) 0.00048 (0.00076) n/a 42.96 0.20

Mean 
Diffusivity 0.00077 (0.00074) 0.00077 (0.00072) n/a 40.22 0.29

Global 
effi ciency 0.72 (0.017) 0.72 (0.017) 0.0045 n/a 0.22

Local 
effi ciency 0.85 (0.048) 0.85 (0.049) n/a 62.55 0.98 

Clustering 
coeffi cient 0.35 (0.049) 0.35 (0.050) n/a 67.46 0.96 

Means and standard deviations are provided per group. χ2, estimates and p-values are 
derived from multilevel random regression analyses. 
PE-group = Subclinical Psychotic Experiences group, HC-group = healthy control group.
 
Associations between attenuated symptoms and DWI parameters in the 
PE-group.
CAPE and MADRS scores
There were no signifi cant interactions between any of the CAPE symptom 
score dimensions and ROI in the models of FA, AXD, RAD and MD (table 
4). Similarly, there was no signifi cant interaction between MADRS total 
score and ROI in the models of FA, AXD, RAD and MD (table 4). 

ESM momentary subclinical psychosis scores
There were no signifi cant interactions between ROI and PE-score in the 
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any of the DWI white matter models (table 3). 
Table 3. Interactions between attenuated symptoms and ROI in the models of DWI 
measures within the PE-group.

 FA AXD RAD MD

 χ2 p-
value χ2 p-

value χ2 p-
value χ2 p-

value
CAPE positive 
frequency score 25.69 0.92 26.52 0.90 23.32 0.96 16.00 0.99

CAPE positive 
distress score 38.69 0.39 37.62 0.44 31.93 0.71 22.23 0.98

CAPE negative 
frequency score 24.77 0.94 20.17 0.99 22.79 0.97 26.54 0.92

CAPE negative 
distress score 29.49 0.81 22.27 0.97 41.20 0.29 51.64 0.07

CAPE depressive 
frequency score 30.77 0.76 25.06 0.93 35.03 0.56 43.10 0.26

CAPE depressive 
distress score 31.36 0.73 32.11 0.70 38.70 0.39 56.52 0.03

CAPE total 
frequency score 26.60 0.90 21.33 0.98 24.37 0.95 25.14 0.95

CAPE total 
distress score 30.73 0.76 23.21 0.96 40.82 0.31 50.28 0.09

MADRS total 
score 28.42 0.84 41.94 0.27 22.99 0.97 43.09 0.26

PE-score 21.28 0.98 19.85 0.99 17.92 0.99 14.23 0.99

FA; Fractional Anisotropy, AXD; Axial Diffusivity, RAD; Radial Diffusivity and MD; Mean 
Diffusivity. CAPE; Community Assessment of Psychic Experiences, MADRS; Montgomery–
Åsberg Depression Rating Scale, ESM; Experience Sampling Method. χ2, estimates and 
p-values are derived from multilevel random regression analyses. * There were missing ESM 
data for three participants in the HC-group and eight in the PE-group.

Associations between attenuated symptoms and network connectivity 
parameters in the PE-group
CAPE and MADRS scores in association with global effi ciency
There was no signifi cant association between any of the CAPE or MADRS 
scores and global effi ciency (table 4). 

ESM momentary subclinical psychosis scores in association with global effi ciency
The daily life composite ESM item PE-score showed no signifi cant 
association with global effi ciency (table 4). 

CAPE and MADRS scores in association with nodal network connectivity
The positive symptom frequency score of the CAPE showed a signifi cant 
interaction with ROI in the model of local effi ciency (χ2=149.91, p<0.0001) 
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and clustering coeffi cient (χ2=127.09, p=0.006). After correction for multiple 
testing, no signifi cant interactions remained (Supplementary tables 1 and 2). 
The positive symptom distress score of the CAPE showed a signifi cant 
interaction with ROI in the model of local effi ciency (χ2=138.26, p=0.0006) 
and clustering coeffi cient (χ2=128.67, p=0.005) (table 4). Stratifi ed analyses 
showed a signifi cant increase in both local effi ciency (b=0.0040, p=0.01) 
and clustering coeffi cient (b=0.0039, p=0.05) in the right middle temporal 
pole (MTP) with increasing levels of distress from positive symptoms, after 
Bonferroni correction (Supplementary tables 3 and 4). 
There were no signifi cant interactions between ROI and the CAPE 
depressive symptom, negative symptom and total scores or the MADRS 
total score in the models of local effi ciency and clustering coeffi cient (table 
4).

ESM momentary psychosis scores in association with nodal network connectivity
The ESM composite PE item showed no signifi cant interaction with ROI in 
the models of local effi ciency and clustering coeffi cient (table 4).
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Table 4. Association between symptoms and network connectivity measures. 

 global effi ciency local effi ciency clustering 
coeffi cient

 estimate p-value χ2 p-value χ2 p-value

CAPE positive 
frequency score 0.000038 0.97 149.91 <0.0001 127.09 0.006

CAPE positive 
distress score 0.00024 0.80 138.26 0.0006 128.67 0.005

CAPE negative 
frequency score 0.00040 0.33 119.10 0.02 107.87 0.10

CAPE negative 
distress score 0.00019 0.55 97.17 0.28 87.31 0.56

CAPE depressive 
frequency score 0.00012 0.84 93.04 0.39 80.50 0.75

CAPE depressive 
distress score -0.00021 0.97 88.24 0.53 84.13 0.65

CAPE total 
frequency score 0.00014 0.54 118.76 0.02 101.29 0.20

CAPE total 
distress score 0.000066 0.61 102.67 0.17 91.02 0.45

MADRS total 
score -0.00016 0.64 66.30 0.97 72.98 0.90

PE-score -0.0084 0.97 77.90 0.81 72.49 0.91

Estimated values and p-values are derived from multilevel random regression analyses. 
MADRS; Montgomery–Åsberg Depression Rating Scale, ESM; Experience Sampling Method. 
χ2, estimates and p-values are derived from multilevel random regression analyses. * There 
were missing ESM data for three participants in the HC-group and eight in the PE-group.
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Discussion
This study showed that microstructural white matter measures and 
structural network connectivity parameters were not different between 
non-help seeking young individuals with subclinical PE and controls. 
While attenuated subclinical symptoms were not associated with white 
matter structural alterations, there was some evidence for an association 
between symptoms and network connectivity in the PE group. Explorative, 
hypothesis-generating analyses in this group showed positive associations 
between positive symptom distress scores and local effi ciency and 
clustering coeffi cient in the right MTP.

Structural disconnectivity in individuals with subclinical psychotic 
experiences
The fi ndings showed that non-help seeking individuals with subclinical 
PE were not different from controls with regard to any of the DWI 
parameters. This is in contrast with previously described decreased FA 
and increased MD in help-seeking Ultra-High-Risk (UHR) samples (see 
meta-analysis based on 12 studies (4)), though in line with another UHR-
study reporting absence of microstructural white matter differences in 
young adults with respect to controls (63). Thus, the results suggest that 
non-help seeking individuals with subclinical PE have preserved white 
matter microstructure, in contrast to individuals with psychotic disorder 
(16), or to help-seeking individuals at high risk for psychotic disorder (4), 
who, at group level, show reduced white matter ‘integrity’. Compared to 
UHR studies, which include individuals who already are help-seeking in the 
context of mostly an existing affective disorder or a substance use disorder 
with a certain degree of psychosis admixture (64), the current study 
included individuals who were not help-seeking and likely had lower levels 
of psychopathology and psychosis admixture. There is also variation in age 
of the samples that have been studied (with the individuals of the current 
study being relatively young), implying differential stages of white matter 
maturation. To date, research on individuals at the attenuated, subclinical 
end of psychopathology remains sparse, though information on (early) 
phenomenological and biological differentiation is important to understand 
variation and alteration during development. In addition, it is informative 
with respect to efforts on clinical and biological staging and profi ling (65). 

Structural network connectivity in individuals with subclinical psychotic 
experiences.
No differences were found in the network-connectivity measures between 



5

143

MICROSTRUCTURE AND CONNECTIVITY IN SUBCLINICAL PSYCHOTIC EXPERIENCES

the PE-group and controls. It was hypothesized that the frontal brain 
regions would show signs of disconnectivity in the fronto-occipital and 
fronto-temporal white matter, based on previous evidence in psychotic 
disorder (17-20). The literature on white matter network alterations 
in individuals with attenuated psychotic symptoms is rather limited and 
inconclusive, also due to different techniques that are used. Some studies 
have described alterations in rich-club organization (38, 39) and reduced 
local effi ciency (38, 39, 66) of the structural brain network in help-seeking 
individuals at high risk for psychotic disorder, which is likely different from 
the current, non-help seeking population. Moreover, it is challenging to 
compare studies, since high-risk sampling strategy, high-risk criteria, age 
groups, severity of symptomatology and network measures often differ 
between studies. The fi ndings of the current study nevertheless suggest that 
network connectivity may be preserved in individuals with subclinical PE. 

Associations between symptoms and DWI measures in individuals with PE.
In the current study, no associations were found between CAPE and 
MADRS symptom scores and DWI measures. This can be due to the 
sampling frame aimed at the lower end of psychosis severity spectrum. 
A previous cross-sectional study has pointed to positive associations 
between positive schizotypy symptoms and FA in a sample with nonclinical 
psychosis-linked personality traits (34), while a longitudinal study in a help-
seeking at-risk sample showed that improvement in positive symptoms 
was related to increased FA (36). Both studies were at higher levels of the 
psychosis severity spectrum, which may explain the difference.
Despite the fact that daily life assessment using ESM can be a more valid 
way of assessing mild symptoms as compared to fi lling in a questionnaire, 
since recall bias is reduced and questions are answered in the moment, 
and may be closer to brain dynamics in daily life, there was no evidence for 
associations between ESM subclinical PE and the DWI measures. 

Associations between symptoms and network measures in individuals with 
PE. 
Explorative analyses on the associations between symptoms and network 
measures were conducted within the PE-group. There was a positive 
association between the CAPE positive symptom distress scores and local 
effi ciency and clustering coeffi cient in the right MTP. While the association 
between symptom distress and structural network connectivity has not 
been described in individuals with (or at risk for) psychotic disorder, 
distress can be the difference between help-seeking and clinical relevance 
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of psychotic experiences (67). Replication is required to assess whether 
network effi ciency and cohesion within the right MTP may be an early sign 
of symptoms related to emerging psychosis.
Furthermore, no association between the frequency/distress of negative 
symptoms and local effi ciency was found. Research on subclinical 
negative symptoms is limited, let alone in association with DWI network 
alterations. Two studies in individuals at high-risk for psychosis reported 
a negative association between subclinical negative symptoms and rich-
club organization (27, 38), while another study reported no associations 
between network connectivity and subclinical negative symptoms (66). In 
psychotic disorder, absence of an association between negative symptoms 
and network-based measures (68), as well as a negative association between 
network connectivity and negative symptoms has been described (18). As 
emerging psychosis is often preceded by (subclinical) negative symptoms 
(69, 70), and negative symptoms impact on daily life functioning (71), it is 
important to understand the association with cerebral network alterations 
in order to identify and improve ways of early detection and intervention. 
The current study showed no signifi cant associations between depressive 
symptoms (measured with CAPE and MADRS) and network connectivity 
measures. Research on the relation between depressive symptomatology 
and brain network connectivity is limited to several small studies and 
suggests that, in siblings of patients with psychotic disorder, rich-club 
connectivity was not associated with depressive symptom severity (72), 
while one study with an ARMS population, showed a correlation between 
rich-club disorganization and depressive symptom severity (38). Thus, based 
on sparse previous literature and fi ndings from the current study, it has yet 
to be determined whether variations in brain network confi guration co-
occur with variation in depressive symptoms in individuals with subclinical 
PE. Additionally to the use of more traditional questionnaires, we explored 
whether change in momentary PE measurement varied with brain network 
connectivity measures, which did not provide signifi cant results. Since it 
was the fi rst time that this research question was tested, no hypotheses 
were stated. It is thus clear that the current explorative and hypothesis-
generating fi ndings warrant further investigation.

Methodological considerations
The study comprised a fairly large sample of 48 individuals with subclinical 
PE and 43 controls. While the study was carefully designed, some 
considerations need to be taken into account. First, the PE-group had mild 
symptom levels, as inclusion was based on a CAPE positive distress score 
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of ≥2, and help-seeking was excluded. Thus, the sampling frame targeted 
a group at the lowest level of the severity spectrum, below the high-risk 
sampling frame of help-seeking individuals with affective or substance 
use disorder and a degree of psychosis admixture. Whether the absence 
of differences between the groups refl ects a true fi nding needs to be 
ascertained in future studies at the lower end of the psychosis severity 
spectrum. Second, the sample size did not allow for specifi c sensitivity 
analyses in subgroups with for example higher or lower symptom levels. 
It can be questioned whether this would provide more information 
against the dimensional approach. Third, the association between 
attenuated symptoms and DWI measures was investigated only in the mild 
psychopathology group, as controls would have insuffi cient variance in 
symptomatology. Therefore, it is not known whether similar associations 
exist may in controls and it cannot be claimed that the fi ndings are specifi c 
for the group under investigation. 
The tensor estimation model had information on 119 directions to 
reconstruct the diffusion tensor in 2mm3 resolution. The RESTORE 
algorithm (54) is a widely used method for reducing the impact of outliers 
on the data, but novel techniques such as HARDI (high angular resolution 
diffusion imaging) or CHARMED (composite hindered and restricted 
model of diffusion) might improve the estimation (5). Lastly, the TBSS 
method might have been too crude to detect minor white matter changes. 
Since small white matter tracts were excluded in the processing, slight but 
relevant details may have been lost in the procedure. 

Conclusion
This study demonstrated absence of differences between individuals at the 
lowest end of psychosis severity spectrum (subclinical PE) and controls 
with respect to FA, AXD, RAD and MD measures. Similarly, there were no 
network-based connectivity differences between the groups. In explorative 
analyses within the PE group, some attenuated symptom measures were 
positively associated with network effi ciency/cohesion, which could indicate 
that individuals with certain network alterations are predisposed to later 
psychotic symptom development or that these cerebral changes are 
reactive to emerging mild psychopathology.
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Supplementary material

Table 1. CAPE positive symptom frequency score associations with local effi ciency in the 
PE-group. The estimates, uncorrected p-values and Bonferroni corrected p-values are 
provided per region of interest. L=left, R=right.
Region of interest estimate p-value p-value corrected
Precentral L -0,0015 0,16 1
Precentral R 0,0006 0,55 1
Frontal Superior L 0,0004 0,81 1
Frontal Superior R 0,0013 0,19 1
Frontal Superior Orbital L 0,0001 0,98 1
Frontal Superior Orbital R 0,0012 0,50 1
Frontal Middle L -0,0014 0,27 1
Frontal Middle R -0,0010 0,49 1
Frontal Middle Orbital L 0,0016 0,39 1
Frontal Middle Orbital R 0,0018 0,17 1
Frontal Inferior Oper L -0,0027 0,43 1
Frontal Inferior Oper R -0,0036 0,00 0,18
Frontal Inferior Pars Triangularis L -0,0038 0,08 1
Frontal Inferior Pars Triangularis R -0,0043 0,03 1
Frontal Inferior Orbital L -0,0002 0,88 1
Frontal Inferior Orbital R 0,0027 0,10 1
Rolandic Oper L -0,0028 0,05 1
Rolandic Oper R -0,0046 0,09 1
Supplemenatry Motor Area L -0,0002 0,90 1
Supplemenatry Motor Area R 0,0005 0,78 1
Olfactory L 0,0001 0,97 1
Olfactory R 0,0009 0,47 1
Frontal Superior Medial L 0,0010 0,50 1
Frontal Superior Medial R 0,0003 0,81 1
Frontal Medial Orbital L -0,0027 0,10 1
Frontal Medial Orbital R -0,0006 0,62 1
Rectus L -0,0007 0,72 1
Rectus R 0,0006 0,62 1
Insula L -0,0028 0,01 0,63
Insula R 0,0002 0,85 1
Cingulum Anterios L -0,0008 0,53 1
Cingulum Anterios R -0,0002 0,91 1
Cingulum Middle L -0,0007 0,70 1
Cingulum Middle R -0,0008 0,44 1
Cingulum Posterior L -0,0007 0,66 1
Cingulum Posterior R -0,0008 0,69 1
Hippocampus L 0,0002 0,92 1
Hippocampus R 0,0006 0,85 1
ParaHippocampal L 0,0002 0,89 1
ParaHippocampal R 0,0019 0,62 1
Amygdala L 0,0004 0,76 1
Amygdala R 0,0020 0,24 1
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Region of interest estimate p-value p-value corrected
Calcarine L 0,0021 0,03 1
Calcarine R 0,0005 0,80 1
Cuneus L 0,0025 0,03 1
Cuneus R 0,0031 0,00 0,40
Lingual L 0,0023 0,03 1
Lingual R 0,0023 0,22 1
Occipital Superior L 0,0013 0,18 1
Occipital Superior R 0,0008 0,65 1
Occipital Middle L 0,0024 0,14 1
Occipital Middle R 0,0005 0,70 1
Occipital Inferior L 0,0004 0,79 1
Occipital Inferior R -0,0006 0,71 1
Fusiform L 0,0005 0,67 1
Fusiform R 0,0028 0,41 1
Postcentral L -0,0028 0,04 1
Postcentral R 0,0002 0,91 1
Parietal Superior L -0,0014 0,52 1
Parietal Superior R 0,0008 0,57 1
Parietal Inferior L -0,0008 0,63 1
Parietal Inferior R -0,0013 0,34 1
SupraMarginal L -0,0023 0,46 1
SupraMarginal R -0,0002 0,93 1
Angular L -0,0023 0,20 1
Angular R -0,0025 0,49 1
Precuneus L -0,0005 0,72 1
Precuneus R 0,0003 0,84 1
Paracentral Lobule L -0,0004 0,75 1
Paracentral Lobule R 0,0006 0,73 1
Caudate L -0,0001 0,95 1
Caudate R 0,0011 0,56 1
Putamen L -0,0014 0,25 1
Putamen R 0,0013 0,22 1
Pallidum L -0,0006 0,62 1
Pallidum R -0,0008 0,62 1
Thalamus L -0,0005 0,74 1
Thalamus R -0,0003 0,84 1
Heschl L 0,0005 0,68 1
Heschl R -0,0054 0,01 0,70
Temporal Superior L -0,0025 0,19 1
Temporal Superior R -0,0024 0,19 1
TemporalPole Superior L -0,0004 0,90 1
TemporalPole Superior R 0,0026 0,15 1
Temporal Middle L -0,0011 0,76 1
Temporal Middle R 0,0007 0,52 1
TemporalPole Middle L 0,0015 0,35 1
TemporalPole Middle R 0,0032 0,00 0,14
Temporal Inferior L 0,0001 0,96 1
Temporal Inferior R 0,0012 0,28 1
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Table 2. CAPE positive symptom frequency score associations with clustering coeffi cient in 
the PE-group. The estimates, uncorrected p-values and Bonferroni corrected p-values are 
provided per region of interest.

Region of interest estimate p-value p-value corrected
Precentral L -0,0010 0,39 1
Precentral R 0,0008 0,48 1
Frontal Superior L 0,0005 0,80 1
Frontal Superior R 0,0012 0,26 1
Frontal Superior Orbital L 0,0000 0,99 1
Frontal Superior Orbital R 0,0009 0,63 1
Frontal Middle L -0,0014 0,28 1
Frontal Middle R -0,0005 0,75 1
Frontal Middle Orbital L 0,0010 0,62 1
Frontal Middle Orbital R 0,0015 0,30 1
Frontal Inferior Oper L -0,0012 0,73 1
Frontal Inferior Oper R -0,0028 0,03 1
Frontal Inferior Pars Triangularis L -0,0035 0,12 1
Frontal Inferior Pars Triangularis R -0,0038 0,07 1
Frontal Inferior Orbital L -0,0005 0,71 1
Frontal Inferior Orbital R 0,0023 0,17 1
Rolandic Oper L -0,0017 0,24 1
Rolandic Oper R -0,0034 0,22 1
Supplemenatry Motor Area L 0,0000 0,99 1
Supplemenatry Motor Area R 0,0002 0,92 1
Olfactory L 0,0001 0,98 1
Olfactory R 0,0009 0,53 1
Frontal Superior Medial L 0,0009 0,57 1
Frontal Superior Medial R 0,0002 0,90 1
Frontal Medial Orbital L -0,0034 0,05 1
Frontal Medial Orbital R -0,0011 0,39 1
Rectus L -0,0007 0,73 1
Rectus R 0,0002 0,86 1
Insula L -0,0027 0,02 1
Insula R -0,0001 0,92 1
Cingulum Anterios L -0,0009 0,49 1
Cingulum Anterios R -0,0007 0,68 1
Cingulum Middle L -0,0014 0,45 1
Cingulum Middle R -0,0013 0,28 1
Cingulum Posterior L -0,0012 0,48 1
Cingulum Posterior R -0,0008 0,69 1
Hippocampus L 0,0000 0,99 1
Hippocampus R 0,0005 0,89 1
ParaHippocampal L 0,0003 0,88 1
ParaHippocampal R 0,0021 0,59 1
Amygdala L 0,0004 0,77 1
Amygdala R 0,0016 0,35 1
Calcarine L 0,0021 0,05 1
Calcarine R 0,0009 0,69 1
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Region of interest estimate p-value p-value corrected
Cuneus L 0,0025 0,04 1
Cuneus R 0,0041 0,00 0,06
Lingual L 0,0022 0,05 1
Lingual R 0,0024 0,21 1
Occipital Superior L 0,0012 0,24 1
Occipital Superior R 0,0007 0,73 1
Occipital Middle L 0,0021 0,21 1
Occipital Middle R 0,0004 0,78 1
Occipital Inferior L 0,0010 0,54 1
Occipital Inferior R 0,0001 0,93 1
Fusiform L 0,0009 0,51 1
Fusiform R 0,0029 0,40 1
Postcentral L -0,0022 0,12 1
Postcentral R 0,0002 0,93 1
Parietal Superior L -0,0009 0,69 1
Parietal Superior R 0,0008 0,62 1
Parietal Inferior L -0,0003 0,88 1
Parietal Inferior R -0,0014 0,32 1
SupraMarginal L -0,0018 0,58 1
SupraMarginal R 0,0005 0,80 1
Angular L -0,0022 0,23 1
Angular R -0,0029 0,43 1
Precuneus L -0,0005 0,73 1
Precuneus R 0,0005 0,79 1
Paracentral Lobule L 0,0000 0,98 1
Paracentral Lobule R 0,0008 0,62 1
Caudate L -0,0002 0,90 1
Caudate R 0,0008 0,66 1
Putamen L -0,0014 0,28 1
Putamen R 0,0010 0,37 1
Pallidum L -0,0007 0,63 1
Pallidum R -0,0010 0,56 1
Thalamus L -0,0006 0,70 1
Thalamus R -0,0006 0,72 1
Heschl L 0,0008 0,53 1
Heschl R -0,0032 0,13 1
Temporal Superior L -0,0024 0,21 1
Temporal Superior R -0,0023 0,23 1
TemporalPole Superior L -0,0005 0,89 1
TemporalPole Superior R 0,0026 0,17 1
Temporal Middle L -0,0009 0,81 1
Temporal Middle R 0,0004 0,74 1
TemporalPole Middle L 0,0013 0,46 1
TemporalPole Middle R 0,0028 0,01 0,95
Temporal Inferior L 0,0002 0,89 1
Temporal Inferior R 0,0010 0,40 1
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Table 3. CAPE positive symptom distress score associations with local effi ciency in the PE-
group. The estimates, uncorrected p-values and Bonferroni corrected p-values are provided 
per region of interest.

Region of interest estimate p-value p-value corrected
Precentral L -0,0015 0,18 1
Precentral R 0,0014 0,21 1
Frontal Superior L 0,0011 0,57 1
Frontal Superior R 0,0008 0,44 1
Frontal Superior Orbital L -0,0005 0,79 1
Frontal Superior Orbital R 0,0018 0,36 1
Frontal Middle L -0,0011 0,39 1
Frontal Middle R -0,0008 0,61 1
Frontal Middle Orbital L 0,0015 0,45 1
Frontal Middle Orbital R 0,0014 0,29 1
Frontal Inferior Oper L -0,0028 0,43 1
Frontal Inferior Oper R -0,0028 0,02 1
Frontal Inferior Pars Triangularis L -0,0017 0,46 1
Frontal Inferior Pars Triangularis R -0,0024 0,25 1
Frontal Inferior Orbital L -0,0012 0,39 1
Frontal Inferior Orbital R 0,0026 0,12 1
Rolandic Oper L -0,0037 0,01 0,86
Rolandic Oper R -0,0050 0,07 1
Supplemenatry Motor Area L 0,0007 0,71 1
Supplemenatry Motor Area R 0,0003 0,86 1
Olfactory L 0,0015 0,72 1
Olfactory R 0,0017 0,22 1
Frontal Superior Medial L 0,0006 0,69 1
Frontal Superior Medial R 0,0001 0,96 1
Frontal Medial Orbital L -0,0033 0,05 1
Frontal Medial Orbital R 0,0007 0,53 1
Rectus L -0,0003 0,86 1
Rectus R 0,0016 0,24 1
Insula L -0,0026 0,02 1
Insula R 0,0007 0,62 1
Cingulum Anterios L 0,0003 0,84 1
Cingulum Anterios R 0,0006 0,72 1
Cingulum Middle L 0,0004 0,82 1
Cingulum Middle R -0,0005 0,66 1
Cingulum Posterior L -0,0004 0,80 1
Cingulum Posterior R -0,0002 0,94 1
Hippocampus L 0,0008 0,69 1
Hippocampus R 0,0008 0,83 1
ParaHippocampal L 0,0013 0,49 1
ParaHippocampal R 0,0009 0,81 1
Amygdala L 0,0010 0,44 1
Amygdala R 0,0024 0,16 1
Calcarine L 0,0021 0,03 1
Calcarine R 0,0014 0,54 1



5

155

MICROSTRUCTURE AND CONNECTIVITY IN SUBCLINICAL PSYCHOTIC EXPERIENCES

Region of interest estimate p-value p-value corrected
Cuneus L 0,0024 0,04 1
Cuneus R 0,0033 0,00 0,40
Lingual L 0,0019 0,08 1
Lingual R 0,0021 0,29 1
Occipital Superior L 0,0010 0,33 1
Occipital Superior R 0,0018 0,35 1
Occipital Middle L 0,0020 0,23 1
Occipital Middle R 0,0021 0,13 1
Occipital Inferior L 0,0031 0,04 1
Occipital Inferior R -0,0004 0,84 1
Fusiform L 0,0010 0,46 1
Fusiform R 0,0025 0,48 1
Postcentral L -0,0020 0,14 1
Postcentral R 0,0007 0,75 1
Parietal Superior L -0,0007 0,74 1
Parietal Superior R 0,0011 0,47 1
Parietal Inferior L -0,0002 0,93 1
Parietal Inferior R -0,0002 0,89 1
SupraMarginal L -0,0012 0,70 1
SupraMarginal R 0,0009 0,66 1
Angular L 0,0000 0,99 1
Angular R -0,0013 0,73 1
Precuneus L -0,0003 0,83 1
Precuneus R 0,0004 0,82 1
Paracentral Lobule L 0,0007 0,58 1
Paracentral Lobule R 0,0014 0,40 1
Caudate L 0,0004 0,79 1
Caudate R 0,0014 0,47 1
Putamen L -0,0008 0,51 1
Putamen R 0,0019 0,08 1
Pallidum L -0,0006 0,66 1
Pallidum R 0,0001 0,96 1
Thalamus L -0,0006 0,68 1
Thalamus R 0,0001 0,95 1
Heschl L 0,0015 0,21 1
Heschl R -0,0052 0,01 1
Temporal Superior L -0,0020 0,29 1
Temporal Superior R -0,0021 0,27 1
TemporalPole Superior L -0,0011 0,76 1
TemporalPole Superior R 0,0031 0,10 1
Temporal Middle L -0,0013 0,73 1
Temporal Middle R 0,0008 0,50 1
TemporalPole Middle L 0,0014 0,41 1
TemporalPole Middle R 0,0040 0,00 0,01
Temporal Inferior L -0,0005 0,78 1
Temporal Inferior R 0,0015 0,18 1
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Table 4. CAPE positive symptom distress score associations with clustering coeffi cient in 
the PE-group. The estimates, uncorrected p-values and Bonferroni corrected p-values are 
provided per region of interest.

Region of interest estimate p-value p-value corrected
Precentral L -0,0010 0,43 1
Precentral R 0,0016 0,18 1
Frontal Superior L 0,0013 0,53 1
Frontal Superior R 0,0008 0,45 1
Frontal Superior Orbital L -0,0005 0,83 1
Frontal Superior Orbital R 0,0018 0,38 1
Frontal Middle L -0,0009 0,52 1
Frontal Middle R -0,0002 0,93 1
Frontal Middle Orbital L 0,0012 0,55 1
Frontal Middle Orbital R 0,0014 0,33 1
Frontal Inferior Oper L -0,0011 0,75 1
Frontal Inferior Oper R -0,0021 0,11 1
Frontal Inferior Pars Triangularis L -0,0016 0,50 1
Frontal Inferior Pars Triangularis R -0,0019 0,38 1
Frontal Inferior Orbital L -0,0013 0,41 1
Frontal Inferior Orbital R 0,0026 0,14 1
Rolandic Oper L -0,0028 0,07 1
Rolandic Oper R -0,0037 0,20 1
Supplemenatry Motor Area L 0,0012 0,56 1
Supplemenatry Motor Area R 0,0001 0,97 1
Olfactory L 0,0015 0,71 1
Olfactory R 0,0017 0,24 1
Frontal Superior Medial L 0,0009 0,59 1
Frontal Superior Medial R 0,0000 0,97 1
Frontal Medial Orbital L -0,0040 0,02 1
Frontal Medial Orbital R 0,0004 0,78 1
Rectus L -0,0003 0,89 1
Rectus R 0,0014 0,31 1
Insula L -0,0023 0,06 1
Insula R 0,0006 0,68 1
Cingulum Anterios L 0,0001 0,95 1
Cingulum Anterios R 0,0001 0,98 1
Cingulum Middle L -0,0002 0,92 1
Cingulum Middle R -0,0010 0,42 1
Cingulum Posterior L -0,0007 0,71 1
Cingulum Posterior R -0,0001 0,96 1
Hippocampus L 0,0009 0,67 1
Hippocampus R 0,0009 0,80 1
ParaHippocampal L 0,0012 0,53 1
ParaHippocampal R 0,0014 0,73 1
Amygdala L 0,0010 0,50 1
Amygdala R 0,0025 0,16 1
Calcarine L 0,0024 0,03 1
Calcarine R 0,0020 0,39 1
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Region of interest estimate p-value p-value corrected
Cuneus L 0,0028 0,03 1
Cuneus R 0,0043 0,00 0,05
Lingual L 0,0022 0,06 1
Lingual R 0,0023 0,27 1
Occipital Superior L 0,0010 0,36 1
Occipital Superior R 0,0020 0,31 1
Occipital Middle L 0,0020 0,25 1
Occipital Middle R 0,0024 0,10 1
Occipital Inferior L 0,0042 0,01 0,75
Occipital Inferior R 0,0009 0,62 1
Fusiform L 0,0015 0,30 1
Fusiform R 0,0025 0,49 1
Postcentral L -0,0016 0,28 1
Postcentral R 0,0006 0,78 1
Parietal Superior L -0,0003 0,91 1
Parietal Superior R 0,0012 0,43 1
Parietal Inferior L 0,0003 0,85 1
Parietal Inferior R 0,0001 0,96 1
SupraMarginal L -0,0007 0,85 1
SupraMarginal R 0,0014 0,50 1
Angular L -0,0002 0,91 1
Angular R -0,0013 0,74 1
Precuneus L -0,0002 0,92 1
Precuneus R 0,0006 0,72 1
Paracentral Lobule L 0,0008 0,55 1
Paracentral Lobule R 0,0014 0,41 1
Caudate L 0,0004 0,78 1
Caudate R 0,0014 0,49 1
Putamen L -0,0007 0,59 1
Putamen R 0,0019 0,11 1
Pallidum L -0,0005 0,74 1
Pallidum R 0,0002 0,89 1
Thalamus L -0,0005 0,72 1
Thalamus R 0,0001 0,94 1
Heschl L 0,0015 0,23 1
Heschl R -0,0031 0,16 1
Temporal Superior L -0,0019 0,35 1
Temporal Superior R -0,0018 0,36 1
TemporalPole Superior L -0,0008 0,84 1
TemporalPole Superior R 0,0034 0,08 1
Temporal Middle L -0,0009 0,82 1
Temporal Middle R 0,0008 0,54 1
TemporalPole Middle L 0,0015 0,41 1
TemporalPole Middle R 0,0039 0,00 0,05
Temporal Inferior L -0,0001 0,96 1
Temporal Inferior R 0,0017 0,16 1
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Abstract
Background: Research indicates that Acceptance and commitment therapy 
(ACT) is effective in reducing symptoms of depression, anxiety and psychosis. 
During adolescence, vulnerability to psychopathology peaks, creating a window 
for early interventions. This study aims to examine microstructural white 
matter before and after ACT versus a control intervention in youngsters 
with mild psychopathology, as well as white matter-symptom associations.
Methods: Forty-fi ve individuals with mild psychopathology were randomly 
and double-blinded allocated to a fi ve-week intervention (ACT (n=20)) 
or control condition (topic discussion (TD, n=25)). Symptomatology was 
assessed with the Community Assessment of Psychic Experiences (CAPE), 
Montgomery–Åsberg Depression Rating Scale (MADRS) and at the 
momentary level in daily life with the Experience Sampling Method (ESM). 
Diffusion Weighted Imaging (DWI) and network-connectivity parameters 
were obtained and compared before and after the intervention/control 
condition. Interactions between microstructural white matter change 
and condition were examined in models of CAPE positive symptoms and 
ESM subclinical psychotic experiences (PE)) as well as in models of mood 
alterations (MADRS depression score and ESM negative affect (NA) levels).
Results: ACT, compared to TD, was associated with a decrease in MADRS 
depressive symptoms (B=-5.08 p=0.03), no change in NA level (B=-0.31, 
p=0.24), no change in CAPE positive symptom level (frequency; B=0.38, 
p=0.54, distress; B=0.0007, 0.99) and an increase in PE level (B=0.33, p=0.03). 
There was no signifi cant change in DWI or network connectivity in either 
condition and no signifi cant difference between both conditions. There were 
no signifi cant interactions between DWI parameters and condition in the 
models of the CAPE positive symptoms, MADRS and PE. In the model of 
NA, several regional interactions between condition and network measures 
were signifi cant, but stratifi cation per condition provided no signifi cant 
associations.
Conclusion: The fi ndings suggest that behavioral (symptom) changes are 
more sensitive to a fi ve-week psychological training than microstructural 
white matter changes which did not show signifi cant changes over time. 
Besides a signifi cant decrease in depressive symptoms, a small increase in PE 
in response to ACT was reported, while other CAPE subclinical psychosis 
symptoms remained unchanged, possibly indicating that participants in the 
ACT intervention became more aware of themselves and the environment.
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Introduction
MRI studies in humans have shown that white matter volume steadily 
increases from childhood into adolescence, accompanied by changes in 
Diffusion Weighted Imaging (DWI) parameters, suggesting that maturation 
of axons/myelin sheaths represents an ongoing (developmental) process 
(1). In addition, studies on human brain development have shown that 
myelination of axons follows a chronological order, with prefrontal axonal 
myelination maturing the latest, proceeding well into adolescence (2). 
DWI may be a valuable instrument to detect structural white matter 
dysconnectivity alterations over time and describe white matter plasticity 
using parameters such as Fractional Anisotropy (FA; white matter 
‘integrity’), Axial Diffusivity (AXD; number of axons), Radial Diffusivity 
(RAD; a measure for water diffusion perpendicular to the white matter 
tracts and a potential marker for myelin content) and Mean Diffusivity (MD; 
free water movement) (3). The presence of structural dysconnectivity has 
been shown in depression (3) and psychotic disorder (4) and this may even 
be detectable in early stages of the illness (5), and associated cognitive/
behavioral alterations (6). This raises the question to what degree such 
structural alterations can be altered by non-pharmacological training. It 
seems that even slight but powerful everyday life experiences can affect 
brain structure as demonstrated by an interventional study on a complex 
whole-body balancing task in which participants learned new balancing skills 
which resulted in decreased FA in prefrontal white matter (7). How white 
matter contributes to learning is unclear, but it is plausible that changes 
in impulse transmission through spatially distinct, but functionally related 
regions, may be an important aspect of learning (8). 
So-called third generation psychotherapies for mental disorders are on 
the rise, of which Acceptance and Commitment Therapy (ACT) (9) has 
been extensively investigated. In ACT, a stressing thought is accepted as a 
thought and then defused. ACT comprises three techniques: mindfulness 
(including defusion), acceptance, and commitment to value-based living. 
Overall, the aim of ACT is to alter the psychological relationship between 
thoughts, feelings and sensations to stimulate and increase the individuals’ 
psychological fl exibility (9). Randomized controlled trials (RCT) have shown 
an effect size of 0.68 in favor of the ACT intervention in samples with 
clinical anxiety, depression and psychotic disorder (10). In a meta-analysis 
on individuals with psychotic disorder, ACT was shown to reduce positive 
symptoms and hospitalization over time (11), to reduce distress related 
to hallucinations in psychotic disorder (12) and to improve emotional 
functioning reducing the number of crisis contacts after treatment (13). 
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The application of ACT in individuals with major depression with psychotic 
features led to sustained improvements in depressive and psychotic 
symptoms as well as improved psychosocial functioning (14). There may also 
be benefi t in depression with social anxiety, research showing improved 
quality of life, less depressive symptoms and less anxiety following ACT 
(15). Taken together, ACT has the potential to be a cost-effi cient, feasible 
and acceptable intervention. It is attractive to hypothesize that when 
ACT is provided as an early intervention in samples showing early, mild 
expression of psychopathology, symptoms may be reduced. There is some 
evidence that points towards the effectiveness of ACT to reduce subclinical 
depressive symptomatology in student populations via both regular therapy 
programs (16-21) as well as online interventions (22, 23). To date, however, 
its effectiveness in individuals with subclinical psychotic experiences 
remains unknown.
In addition, very little is known about psychological training/therapy effects 
on white matter plasticity. A longitudinal study in healthy students showed 
decreased RAD and AXD accompanied by increased FA after a 4-week 
integrative body-mind training compared to a relaxation training (24). 
Furthermore, in the longer term, experienced mindfulness meditators 
showed increased FA compared to meditation-naïve controls (25-27).
The current RCT examines symptomatology, structural DWI white 
matter and network-connectivity changes from pretreatment as a result 
of 6-week ACT in comparison with a control condition in individuals with 
subclinical symptoms of depression and psychotic experiences. Symptoms 
(Community Assessment of Psychic Experiences (CAPE) positive symptoms 
and associated distress, Montgomery–Åsberg Depression Rating Scale 
(MADRS) and Negative Affect (NA)) were previously investigated in this 
sample (28) and the current paper extends research based on these 
outcomes. ACT was applied in part through the Experience Sampling 
Method (ESM), as described previously (29). ESM is a structured electronic 
self-monitoring technique to assess momentary mental state and context 
in people’s daily living environment, yielding prospective and ecologically 
valid data (30-32). ESM-based interventions provide the individual with ACT 
exercises through the electronic device or application, taking the therapy 
beyond the treatment session with a therapist into daily life. In this way, 
ACT thus becomes more integrated in daily life with personal fl exibility to 
perform an exercise if a person wishes to do so in the moment (29). 
We hypothesized that ACT would impact symptom measures more than 
TD. Also, it was hypothesized that FA would increase, AXD would remain 
unchanged and RAD would decrease in response to the ACT intervention 
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compared to the control condition. This was investigated from a whole-
brain perspective, with the use of global and regions of interest (ROI) 
measures, corrected for multiple testing. Network connectivity alterations 
as a result of the ACT intervention were also examined and it was 
hypothesized that the intervention would increase network effi ciency 
and clustering. Symptom change over time (based on CAPE positive 
scores, MADRS and daily life subclinical psychotic experiences (PE)) were 
investigated and associated with microstructural regional changes in 
subsequent analyses. As individuals were selected on the basis of level of 
subclinical positive and depressive symptoms, the effect of the psychological 
intervention on these two (interviewer-based and self-reported) 
symptom dimensions were a priori selected as most relevant. Lastly, it 
was investigated whether the DWI parameter change was predictive of 
symptom change, and whether these associations were different between 
the two conditions. 

Methods
This RCT took place at Maastricht University, The Netherlands, as part 
of the Smartscan project (Dutch Trial Register Number: NTR3808). The 
white matter imaging part was an add-on and specifi cially investigated the 
link between symptoms and white matter alterations as a result of the 
intervention. The study comprised individuals who were between 16-25 years 
of age with subclinical psychotic experiences (PE) and subclinical depressive 
symptoms recruited in the area within Maastricht and neighbouring cities. 
The criteria for inclusion were defi ned using the Community Assessment of 
Psychic Experiences (CAPE (33)) positive symptom subscale frequency score 
≥10 and/or the positive symptom subscale distress score ≥2. Participants 
with a Montgomery–Åsberg Depression Rating Scale (MADRS) score ≥10 
(34) who met the subclinical PE inclusion criteria were also included. 
Exclusion criteria were current psychological or psychiatric treatment, 
signifi cant need for care (as discussed in consensus meetings after the 
screening), left-handedness and a history of neurological disorder (e.g. 
severe brain injury with unconsciousness, meningitis, migraine or epilepsy). 
Other exclusion criteria were MRI contraindications (e.g. diabetes and 
claustrophobia), participants with implanted ferromagnetic materials or 
(suspected) pregnancy in female participants.  The local medical ethics 
committee approved this study according to the declaration of Helsinki. All 
participants gave written informed consent in person or additionally via a 
proxy (parent) when <18 years of age. 
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Trial design
The RCT was designed as a double-blinded (participants and researchers) 
intervention. Equal random block allocation to the conditions was done 
independently from the researchers via a statistician ensuring blinding. The 
procedure was executed via preparation of lists using a computer-generated 
random table. A total of 55 participants were included in the RCT and were 
assigned to a group to attend the weekly training sessions during fi ve weeks 
(on average 5 participants per training group). The active and control condition 
were, respectively, the Acceptance and Commitment Therapy (ACT) and a 
topical discussion group (TD). The ACT-condition followed a specifi c protocol 
during fi ve weekly meetings according to the guidelines entitled “Get Out Of 
Your Mind And Into Your Life”, in Dutch (35). The ACT-condition and TD-
condition are described in more detail in the supplementary materials and a 
previous paper on the intervention study (28). 

Demographics and symptom measures
The level of education was defi ned by the accomplished level of education 
ranging from 0 (no education) to 7 (master degree). 
Lifetime cannabis and other drug use was assessed with the Composite 
International Diagnostic Interview (CIDI) section L (36). Lifetime use was 
calculated by multiplying the frequency per week times the number of weeks 
of used. 
Subclinical symptom scores were contructed  using the self-report CAPE 
questionnaire using four dimensions; positive (range 0 – 60), negative (range 0 
– 42), depressive (range 0 – 24) and total (range 0 – 126), with both frequency 
and distress scores calculated per dimension. In addition, the MADRS total 
score (range 0 – 60) was used to assess subclinical depressive symptoms 
(34). MADRS was administered by interview, assessing sadness, inner tension, 
reduced sleep, reduced appetite, concentration diffi culties, lassitude, inability 
to feel, pessimistic thoughts and suicidal thoughts during the last week (37). 
A trained interviewer conducted the interviews under supervision of a 
psychiatrist. 

ESM data collection and analysis
The Experience Sampling Method (ESM) allows for daily life assessment of 
mental states and behaviour using the PsyMate (an electronic device with a 
touchscreen to store answers). The ESM assessment comprised 40 days of 
self-monitoring: fi rst, 15 consecutive days before the intervention, then three 
days per week during the fi ve week intervention period (self-monitoring and 
ACT-based exercises) and, lastly, seven days after the intervention. At ten 
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random moments during the day, the PsyMate signalled a beep, at which 
the ESM questionnaire had to be fi lled in within 15 minutes after the beep. 
Data were included for analyses if >30% of completed beep questionnaires 
were available (in the current study >45 out of 150 beep moments (baseline) 
and >21 out of 70 beep moments (post-intervention), conform earlier work 
(38). Items for assessing subclinical PE in daily life were ‘I feel suspicious’ and 
‘I feel unreal’. These items were highly correlated (r=0.87) and therefore 
averaged and named ‘PE-score’. The PE-score per participant was calculated 
per time point before and after intervention. Similarly, negative affect (NA) 
was assessed by calculating the average of the items ‘Feeling down’, ‘Feeling 
insecure’, ‘Feeling lonely’, ‘Feeling anxious’ and ‘Feeling guilty’. NA per 
participant per time point was assessed before and after intervention). All 
items were quantifi ed on 7-point Likert scales (ranging from 1=not at all to 
7=very).

MRI acquisition and processing
The MRI scans were acquired on a 3T Siemens Magnetom Prisma system 
(Siemens, Erlangen, Germany) equipped with a 64-channel head/neck coil 
at Scannexus, Maastricht, The Netherlands. Anatomical T1-weighted whole 
brain images were acquired at a 1.0mm x 1.0mm x 1.0mm resolution. 
Diffusion Weighted Imaging (DWI) scans were acquired at 2mm x 2mm x 
2mm resolution using 119 directions. Data were processed in ExploreDTI 
(39) and included the application of Robust Estimation of Tensors by Outlier 
Rejection (RESTORE) algorithm to estimate the diffusion tensors (40). This 
provided maps of FA, AXD, RAD and MD per individual dataset. Whole brain 
tractography and network analyses were conducted using ExploreDTI to 
calculate the network measures. The network connectivity-based measures 
global effi ciency, clustering coeffi cient and local effi ciency were calculated using 
the Brain Connectivity Toolbox (41). Details on the MRI data acquisition and 
further processing of the data are provided in the supplementary materials.

Statistical analyses
Comparison of pre-post CAPE and MADRS scores
Paired sample t-tests were performed to compare the mean CAPE and 
MADRS scores between T0 and T1 per condition. Alterations over time 
were compared between conditions using a multilevel random effects 
regression model in R, version 3.2 (42). The association between condition 
(independent variable) and CAPE positive symptom frequency score at T1 
(dependent variable) was investigated. CAPE positive symptom frequency 
score at T0 was added as a covariate. The multilevel random regression 
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model included training-group as a level, since participants were randomly 
assigned to different training-groups, with individuals from the same group 
clustering together. The a priori hypothesized confounding variables age, sex, 
level of education, days between assessment (T0 and T1), lifetime cannabis 
and other drug use were included. Condition was coded as ‘1’ for the ACT-
condition and ‘0’ for the TD-condition. The same models were created for 
the CAPE distress symptom and the MADRS symptom score. 

Comparison of pre-post momentary daily life PE and NA symptom levels
Paired sample t-tests were performed to compare the mean PE and NA 
scores between T0 and T1 per condition. Changes over time in the ESM 
PE and NA levels were compared between conditions using a multilevel 
random regression model with ESM symptoms (PE and NA) at T1 as 
dependent variable and condition as independent variable. Confounding 
factors were age, sex, educational level and days between the assessments. 
Baseline ESM symptom levels were included as a covariate. 

Whole brain analyses of therapy effects (ACT vs. control condition)
A voxel-wise statistical analysis was performed based on the mean FA 
skeleton using a general linear model applying permutation testing using 
FSL’s randomise (v2.9) (43). Based on the skeleton generated via FA 
processing, the maps of MD, AXD and RAD were extracted from the same 
skeleton. Tests of between-condition differences in FA change (i.e., �FA = 
post-intervention (T1) minus pre-intervention (T0)) were conducted in 
two ways: mean �FA is lower or higher in the ACT-condition compared 
to TD-condition. The a priori hypothesized confounding variables age, sex, 
level of education and lifetime cannabis and other drug use were added 
to the statistical model (and to all other models described below). The 
same statistical tests were performed with the other DTI indices, i.e., �MD, 
�AXD and �RAD. A threshold-free cluster enhancement (TFCE) threshold 
of p>0.05 was applied to all statistical tests in TBSS (44) and a total of 5000 
permutations were used.

Regional brain analyses of therapy effect (ACT vs. control condition)
Regional white matter differences in 37 white matter regions were 
investigated using the Johns Hopkins University International Consortium 
for Brain Mapping (JHU ICBM)-DTI-81 atlas labels (45). The mean FA, AXD, 
RAD and MD per region of interest (ROI) were computed per individual 
and analyzed in R (42) using a multilevel structure which consisted of 37 
brain regions clustered within participants, with these participants clustered 
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within training sessions. The interactions between condition and ROI were 
tested in the models of DWI measures at T1 (mean FA, AXD, RAD and 
MD; dependent variables) using a multilevel random regression model. 
The models included the respective DWI measure at T0 as a covariate. 
This model allows for investigating change from pretreatment within a 
RCT design and has more power than a model using a change score (46). 
Number of voxels was included as an analytic weight to control for the ROI 
extent (i.e., the error variance for a particular observation was inversely 
weighted by the number of voxels within the ROI). In case of a signifi cant 
interaction effect (p<0.05) between condition and ROI in the four models 
of DWI measures, associations between condition and the four DWI 
measures were examined for each ROI separately. Bonferroni correction 
was applied to correct for the number of comparisons per measure 
as implemented in the R stats package function ‘p.adjust’. Specifi cially, 
correction was done based on 148 tests.

Network connectivity analyses of therapy effects (ACT vs. control 
condition)
Parcellation of the white matter tracts was done using the automated 
anatomical atlas labeling (AAL) template (47). This analysis provided 90 
(sub)-cortical brain regions of interest, each representing a node in the 
white matter network, providing adequate coverage of the cortex. The 
reconstructed white matter tracts were the edges between the node pairs. 
Individual brain networks were used to compute connectivity measures in 
order to quantify the network architecture using the Brain Connectivity 
Toolbox (41). Regional connectivity was described as local effi ciency and 
clustering coeffi cient (41) based on the pass criteria (the tracts that pass 
through) per node. Global effi ciency was calculated over the entire brain 
network. Effi ciency quantifi es the exchange of information on a global or 
local nodal level. Clustering coeffi cient is a measure of to what extent 
nodes in a network tend to cluster together. 
Global effi ciency
Global effi ciency was analyzed in wide format (one measure per person). 
The associations between condition and change from pretreatment in 
global effi ciency (T1 global effi ciency, controlled for T0 global effi ciency) 
were investigated in a multilevel random regression model. Training session 
was added as a random effect.
Local effi ciency and clustering coeffi cient
The local network measures were computed per individual, exported and 
statistically analyzed with multilevel random regression models in R (42). 
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The multilevel structure consisted of 90 brain regions clustered on the 
level of participants, and participants clustered on the level of training 
group. The interactions between condition and ROI were tested in the 
models of local effi ciency and clustering coeffi cient at T1, controlled for T0. 
Number of voxels was included as an analytic weight to control for the ROI 
extent. In case of a signifi cant interaction (p<0.05), each ROI was examined 
separately to test for an association between condition and network 
measure. Bonferroni correction was applied to correct for the number of 
comparisons per measure. Specifi cially, correction was done for 180 tests.

Interactions between DWI parameter change and condition in the models 
of subclinical depressive and psychotic experience change
To examine whether associations between FA change and symptom 
change were conditional on the ACT or TD condition and brain region, 
interactions between condition and �FA (defi ned as FA (T1) minus FA 
(T0)) were tested in multilevel random regression models of symptom 
scores at T1 (dependent variable) corrected for T0 (added as a covariate). 
The CAPE positive (frequency and distress) symptom scores, the MADRS 
score and the ESM momentary PE and NA scores were selected for these 
analyses. The association between condition and whole brain �FA in the 
fi ve symptom models were tested in separate multilevel models.  The same 
models were created for �AXD, �RAD and �MD. The interactions between 
condition and �FA in the fi ve symptom models were tested for each ROI 
separately (37x; the model does not allow for a three-way interaction with 
ROI since the dependent variable comprised only the T1 symptom score, 
minimizing the power of the statistical analyses). Bonferroni correction 
was used to correct for the 37 ROIs tested. Specifi cally, a correction 
for 37 ROIs in fi ve symptom models and for four DWI measures was 
performed, making a total of 740 tests. In case of a signifi cant interaction 
after correction, stratifi cation per condition was done and the estimated 
coeffi cient (B) and p-values were calculated per condition. 

Interactions between network connectivity change and condition in the 
models of subclinical depressive and psychotic experience change
The two-way interaction between �GE (change T1-T0 global effi ciency) 
and condition was investigated in the models of CAPE positive frequency 
and distress symptom scores at T1 corrected for T0. Besides the CAPE 
positive symptom scores, the MADRS symptom score and momentary PE- 
and NA-scores were examined. In case of a signifi cant (p<0.05) interaction, 
stratifi cation per condition was done and the estimated coeffi cient (B) and 
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p-values were calculated per condition. 
Similarly, the above described interaction models were created for 
�LE (change T1-T0 local effi ciency) and �CC (change T1-T0 clustering 
coeffi cient). The association between condition and whole brain �LE/
CC in the fi ve symptom score models were tested in separate multilevel 
models. The interactions between condition and respectively �LE and �CC 
in the fi ve symptom models were tested for each ROI separately (90x). In 
order to control for testing of multiple regions, Bonferroni correction was 
done based on 90 regions in fi ve symptom models and for two network 
measures, making a total of 900 tests. In case of a signifi cant interaction 
after correction, stratifi cation per condition was done and the estimated 
coeffi cient (B) and p-values were calculated per condition. 

Results
Participant characteristics
As depicted in the RCT-fl owchart in fi gure 1, a total of 55 participants 
were allocated for randomisation. In the ACT condition, two participants 
were unable to attend the sessions and withdrew from the study. Two 
participants in the ACT-condition were excluded from the analysis due to 
claustrophobia and excessive movement during the MRI scan. ESM data 
were incomplete (based on <30% of data availability) for three participants 
in each condition. Therefore 45 participants were included in the main 
analyses. The sample included 20 individuals in the ACT-condition and 25 
in the TD-condition. Analyses for NA were conducted in a sample of 35 
participants (n=13 in the ACT-condition and n=17 in the TD-condition 
(because of missing data for the NA items).
Individuals within the ACT-condition (n=20) and TD-condition (n=25) 
did not differ with respect to age, sex, educational level and subclinical 
symptom scores at baseline (CAPE subscales and MADRS; see table 2). 
There was no difference between groups at baseline on ESM PE and NA 
scores. Lifetime cannabis and other drug use were equal in both conditions. 
The number of days between pre- and post-assessments did not differ 
between conditions. See table 1 for an overview of the conditions.
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Table 1: Participant characteristics for both the ACT and control (TD) condition

 ACT-condition
(n=20)

TD-condition
(n=25)

Age (mean (sd)) 21.09 (2.56) 21.74 (2.51)

Sex = Female (%) 16 (80.0) 18 (72.0)

Educational level category:   

     High school (%) 2 (10.0) 3 (12.0)

     Higher education (Bachelor) (%) 16 (80.0) 17 (68.0)

     University (Master) (%) 2 (10.0) 5 (20.0)

GAF (mean (sd)) 57.30 (14.59) 60.12 (7.44)

Days between T0 and T1 (mean (sd)) 165.85 (64.59) 168.20 (87.42)

Lifetime cannabis use (mean (sd)) 10.50 (64.59) 14.48 (29.57)

Lifetime other drug use (mean (sd)) 3.15 (9.21) 15.96 (68.04)

ACT: Acceptance and Commitment Therapy, TD: Topic Discussion, T0: time point 
before intervention. CAPE: Community Assessment of Psychic Experiences, MADRS: 
Montgomery–Åsberg Depression Rating Scale, GAF; Global Assessment of Functioning. 

Training effect (ACT vs. control condition) on symptom change
Within-condition symptom change (T1-T0)
The change in symptoms over time per condition showed that there 
was no signifi cant T1-T0 difference in CAPE positive symptom frequency 
score in the ACT-condition (B=-0.20, p=0.53) and the TD-condition (B=-
0.16, p=0.56). There was no signifi cant T1-T0 difference in CAPE positive 
symptom distress score in the ACT-condition (B=0.30, p=0.36) or TD-
condition (B=0.12 p=0.59). There was a signifi cant T1-T0 difference in 
MADRS score in the ACT-condition (B=-5.65. p=0.00020), but not in the 
TD-condition (B=-1.08, p=0.20).   
Associations between condition (ACT vs. TD) and CAPE and MADRS scores
There were no signifi cant associations between condition and CAPE 
positive symptom frequency/distress score (at T1, corrected for T0) (table 
2). The MADRS score (at T1, corrected for T0) was signifi cantly lower in the 
ACT-condition compared to the TD-condition (B=-5.08 p=0.03) (fi gure 2). 
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Figure 2: MADRS score before (time-point 1) and after intervention (time-point 2) 
MADRS; Montgomery–Åsberg Depression Rating Scale. Acceptance and Commitment 
Therapy condition in blue and Topic Discussion condition in black. 
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Within-condition momentary daily life symptom levels 
There were no signifi cant differences between T1-T0 in PE-score in the 
ACT-condition (B=0.14, p=0.17) and the TD-condition (B=-0.05, p=0.11). 
There were no signifi cant differences between T1-T0 in NA in the ACT 
condition (B=0.18, p=0.20), while in the TD-condition this was signifi cant 
(B=-0.20, p=0.02). 
Association between condition and ESM momentary daily life symptom levels
The PE-score (at T1, corrected for T0) was signifi cantly higher for the ACT-
condition than for the TD-condition (B=0.33, p=0.03). The NA scores (at 
T1, corrected for T0) were not signifi cantly different between the two 
conditions (table 2). 
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Training-effect (ACT vs. control condition) on DWI parameters and 
network connectivity
Whole brain analyses of DWI parameters
Based on the whole brain analyses in TBSS, the change in ΔFA, ΔMD, ΔAXD 
and ΔRAD did not signifi cantly differ between conditions. There were no 
signifi cant voxels above the threshold of p<0.05.
Regional analyses of DWI parameters
The analyses in R did not reveal any signifi cant interaction between 
condition and ROI in the models of FA (χ2=35.39, p=0.50), AXD (χ2=34.39, 
p=0.55), RAD (χ2 =26.12, p=0.89) and MD (χ2=22.91, p=0.96) at T1, 
corrected for T0 (table 3).
Network connectivity analysis
There was no signifi cant association between condition and ΔGE (B=-
0.0013, p=0.82). The interaction between condition and ROI in the 
models of ΔLE (χ2=2.49, p=0.99) and ΔCC changes from baseline was not 
signifi cant (χ2=5.58, p=0.99) (table 3).

Interactions between DWI parameter change and condition in the models of 
subclinical depressive and psychotic experience change.
CAPE positive symptom frequency and distress score
The whole brain analyses in R revealed no signifi cant differences between 
conditions in the model of CAPE positive symptom score (ΔFA; χ2=0.83, 
p=0.36, ΔAXD; χ2=1.88, p=0.17, ΔRAD; χ2=2.60, p=0.11, ΔMD;  χ2=3.54, 
p=0.06) or CAPE positive distress symptom score (ΔFA; χ2=0.57, p=0.45, 
ΔAXD; χ2 =1.10, p=0.30, ΔRAD; χ2=2.01, p=0.16, ΔMD; χ2=2.15, p=0.14). 
The analyses in R did not reveal any signifi cant interaction between condition 
and ROI in the models of CAPE positive symptom frequency and distress 
score (Bonferroni corrected for 740 tests; see supplementary materials: ΔFA 
in table 1, ΔAXD in table 2, ΔRAD in table 3 and ΔMD in table 4). 
MADRS total score
The whole brain analyses in R revealed no signifi cant differences between 
conditions in the model of MADRS total score (ΔFA; χ2=0.28, p=0.59, 
ΔAXD; χ2=0.81, p=0.37, ΔRAD; χ2=0.53, p=0.47, ΔMD; χ2=0.87, p=0.35). The 
regional analyses in R, corrected for 740 tests, did not reveal any signifi cant 
interaction between condition and ROI in the models of MADRS total score 
(see supplementary materials: ΔFA in table 5, ΔAXD in table 6, ΔRAD in 
table 7 and ΔMD in table 8). 
Momentary psychotic experiences (PE) and negative affect (NA)
The whole brain analyses in R revealed no signifi cant differences between 
conditions in the model of PE score (ΔFA; χ2=1.14, p=0.29, ΔAXD; χ2=0.72, 
p=0.40, ΔRAD; χ2=0.26, p=0.61, ΔMD; χ2=0.62, p=0.43) and NA score (ΔFA; 
χ2=0.97, p=0.32, ΔAXD; χ2=0.05, p=0.83, ΔRAD; χ2=1.66, p=0.20, ΔMD; χ2=1.24, 
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Interactions between network connectivity change and condition in the 
models of subclinical depressive and psychotic experience change
CAPE positive symptom frequency and distress score
There were no signifi cant interactions between condition and ΔGE in the 
models of CAPE positive symptom frequency (χ2=0.39, p=0.53) and distress 
score (χ2=0.40, p=0.53).
Similarly, the whole brain analyses showed no signifi cant interactions 
between condition and network parameters in the models of CAPE 
positive symptom frequency (ΔLE; χ2=0.07, p=0.80, ΔCC; χ2=0.02, p=0.90) 
and CAPE positive symptom distress score (ΔLE; χ2=0.49, p=0.48, ΔCC; 
χ2=0.39, p=0.53). The analyses did not reveal any signifi cant interaction 
between condition and ROI in the models of CAPE positive symptom 
frequency and distress score (Bonferroni corrected for 900 tests; see 
supplementary materials: ΔLE in table 11, ΔCC in table 12).
MADRS total score
The interaction between condition and ΔGE in the model of MADRS total 
score was not signifi cant (χ2=1.05, p=0.30). In the whole brain analyses, 
no signifi cant interaction was found between condition and network 
parameters in the model of MADRS total score (ΔLE; χ2=0.02, p=0.90, 
ΔCC; χ2=0.01, p=0.92). Regional analyses with the model of MADRS total 
score (at T1, corrected for T0), showed no signifi cant interactions between 
condition and ΔLE and ΔCC in any ROI (Bonferroni corrected for 900 
tests; see supplementary materials: ΔLE in table 13 and ΔCC in table 14).
Momentary psychotic experiences (PE) and negative affect (NA)
The association between condition and ΔGE in the model of PE-score was 
not signifi cant (χ2=2.92, p=0.09). The whole brain analyses in R revealed 
no signifi cant interactions between condition and the other two network 
parameters (ΔLE and ΔCC) in the models of PE score (ΔLE; χ2=0.08, 
p=0.78, ΔCC; χ2=0.13, p=0.72), while the models for NA did not run 
(singularity error as a result of a lack of variance). 
Regional analyses showed that, in the model of PE (at T1, corrected for 
T0), there were no signifi cant interactions between condition and ΔDWI 
network measures (ΔLE and ΔCC, corrected for 900 tests) in the ROIs 
(see supplementary materials: ΔLE in table 13 and ΔCC in table 14). In the 

p=0.27). In the the regional analyses (corrected for 740 tests), the models of 
PE and NA (at T1, corrected for T0) showed no signifi cant interaction between 
condition and change in DWI measures (see supplementary materials: PE; 
ΔFA in table 5, ΔAXD in table 6, ΔRAD in table 7 and ΔMD in table 8 and 
NA; ΔFA and ΔAXD in table 9, ΔRAD and ΔMD in table 10). 
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model of NA (at T1, corrected for T0) there were signifi cant interactions 
between condition and ΔLE in the right anterior cingulum: χ2=24.99, 
p=0.0005, left parahippocampal gyrus: χ2=23.30, p=0.001 and left angular 
gyrus: χ2=27.28, p=0.0002, (see supplementary table 15) and between 
condition and ΔCC in the left frontal superior medial gyrus: χ2=18.15, 
p=0.02, left parahippocampal gyrus: χ2=40.76, p=0.0000002, left angular 
gyrus: χ2=22.21, p=0.002, right paracentral lobule: χ2=20.50, p=0.005 and left 
caudate: χ2=18.29, p=0.02, after correction for 900 tests (see supplementary 
table 15). Stratifi cation per condition showed no signifi cant associations 
between NA and ΔLE in the right anterior cingulum: B=1.94, p=0.59, left 
parahippocampal gyrus: B=-0,58, p=0.85 and left angular gyrus: B=5.30, 
p=0.06 or between NA and ΔCC in the left frontal superior medial gyrus: 
B=0.02, p=0.99, left parahippocampal gyrus: B=-0.99, p=0.75, left angular 
gyrus: B=5.40, p=0.06, right paracentral lobule: B=-1.90, p=0.58 and left 
caudate: B=1.49, p=0.71, in the TD-condition. The models for the ACT-
condition had not enough variation in NA and ΔCC to be executed.

Discussion
The randomized application of ACT or TD in emerging adults with subclinical 
PE and or depressive symptoms yielded lower MADRS scores and higher 
momentary PE levels after ACT, with no changes in NA or the CAPE 
positive symptom scores. There were no signifi cant changes in DWI white 
matter parameters or network-based measures in either condition, with 
no signifi cant difference between the two conditions. The CAPE positive 
symptom frequency and distress scores, MADRS or daily life PE-scores 
showed no signifi cant interaction with white matter microstructural changes. 
In the model of NA several regions showed signifi cant interactions between 
condition and respectively ΔLE and ΔCC. Although the stratifi cation models 
per condition did not run for the ACT-condition, the TD-condition showed 
no signifi cant associations between NA symptom levels and ΔLE and ΔCC.

ACT and pre-post intervention symptom change
The results showed no signifi cant changes in CAPE subclinical symptom 
dimensions (as measured via the CAPE) after the ACT intervention or TD 
condition. The CAPE total symptom distress score decreased more in the TD 
condition than in the ACT condition, but not signifi cantly so. This may have 
to do with the rather mild symptomatology in the sample, not allowing for 
a large change in a relatively small sample. Moreover, the ACT intervention 
seemed effective in reducing depressive symptoms (MADRS score) by fi ve 
points, while the TD-condition showed no alteration (described elsewhere 
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(28)). Although the sample did not have severe symptoms, a fi ve-point 
decrease in depressive symptoms can still be relevant on the individual level 
in terms of personal well-being. This effect is presumably due to the fact, 
that during the ACT intervention, participants learned to set goals and value 
things more in their environment (such as being with friends and family), 
which has been found to increase emotional functioning (13). While ACT has 
shown to be effective in depression in depressed women (48), in individuals 
recovering from psychosis (49) and in individuals with anxiety and depression 
(50), the current and previous fi ndings described in (25) has shown that 
ACT may be effective on depressive symptomatology in a sample with mild 
psychopathology. Possibly, the discrepancy between results for the CAPE 
and MADRS symptomatology can be related to recall bias introduced by 
the questionnaire since the CAPE captures psychotic symptoms over the 
last three months, while the MADRS inquires about the last week. This is 
in line with previous research in an equal, but not the same, sample (28). In 
contrast to the observer-rated MADRS change, self-reported NA did not 
change as a result of the ACT intervention and this may be related to less 
recall bias in the ESM method used although there was missing data in the 
NA items (leading to a total of n=13 in the ACT-condition and n=17 in the 
TD-condition). Using ESM, recall bias is reduced as questions on feelings, 
mood and thoughts are answered in the moment during daily life and provide 
a more valid detection of fl uctuations over time (51, 52). Within the TD-
condition a signifi cant, but marginal (B=-0.20), decrease in NA was found. 
This reduction in NA may indicate natural fl uctuation of negative feelings 
in daily life within the condition and may not be directly related to the 
intervention. Results from the current study showed a small, but signifi cant 
increase in the ESM subclinical PE item (comprising the items ‘feeling unreal’ 
and ‘suspicious mood’) after the ACT intervention compared against the TD-
condition. Although the baseline scores of the PE items was fairly low and the 
relevance of a 1.55-1.82 PE score increase on a 1-7 Likert scale is questionable, 
the small increase in “feeling unreal/mood suspiciousness” may refl ect that 
participants become more aware of their environment during the training (9). 
In addition, minor daily life stress may be seen as an underlying factor leading 
to increased PE (53), which can be a temporary effect during psychological 
training due to increased self-refl ection/awareness. Notably, from a symptom-
network perspective, feelings of suspiciousness could potentially lead to less 
‘down feelings’ and more ‘cheerful and content feelings’ in individuals with 
psychosis and depression (54). Since participants in the ACT intervention 
may have become more aware and refl ective and were able to accept their 
feelings better, this may have resulted in more positive experiences in daily 
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life. While the momentary PE-score may be more sensitive to subtle changes, 
as compared to an interview session or questionnaire (59), the application of 
ESM to investigate subclinical psychotic symptoms in the general population 
has not yet been fully explored. The current fi ndings in a relatively small 
group of individuals with mild levels of psychopathology are tentative and 
warrant further investigation to provide more defi nite conclusions.

ACT and pre-post microstructural white matter change
No signifi cant white matter and network-connectivity changes as a result of 
the ACT intervention were found in individuals with mild psychopathology. 
Baseline and follow-up measures were rather close to each other (on 
average 24 weeks), although white matter plasticity may occur in a period 
ranging from one day to months. Nevertheless, the possibility that pre- and 
post-intervention time-points were still too close together to detect any 
alterations related to the ACT intervention cannot be fully excluded. Another 
explanation for the absence of white matter change over time can be the 
mild psychopathology levels of this group, i.e., a mean CAPE positive distress 
score of three and a mean MADRS score 14 in combination with a Global 
Assessment of Functioning of 60. Thus, compared to UHR samples described 
in previous literature, the current sample had milder symptom levels and 
better functioning levels and the question is if any of these individuals was 
going to develop psychosis. Based on the above, the tentative conclusion is 
that there were no microstructural white matter changes in response to a 
fi ve-week psychological training plus self-monitoring period in individuals at 
the very mild end of the psychosis-continuum. 

DWI parameter-symptom associations conditional on intervention and brain 
region
Subclinical depressive symptoms and DWI/network connectivity
A main effect of condition on white matter changes over time was absent, 
and there were no signifi cant interactions between condition and white 
matter measures in the MADRS and NA models. Previous literature showed 
lower FA (compared to healthy controls) in the cingulum bundle, anterior 
thalamic radiation, posterior limb of the internal capsule and the superior 
and posterior corona radiata in patients with major depressive disorder 
(MDD) and suicidal thoughts (55). In addition, decreased FA in the ALIC has 
been identifi ed in patients with MDD compared to healthy controls (56). The 
current sample consisted of young individuals with rather mild depressive 
symptoms as compared to the above mentioned studies. The null fi ndings 
in the MADRS and NA symptom models from the current study may be 
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explained by the lack of overall changes in ΔFA and rather small effect sizes. 
Additionally, the NA models had a smaller sample as a result of missing items. 
This may have resulted in limited variance and replication in a larger sample 
is required.
The change in network connectivity parameters showed no signifi cant 
interactions with condition in the models of MADRS. There was some 
indication for differential associations between NA and ΔLE/ΔCC in the two 
conditions. However, the models stratifi ed per condition did not run for the 
ACT condition, which precludes adequate interpretation of the signifi cant 
interactions between condition and ΔLE/ΔCC in models of NA.  

Subclinical psychotic symptoms and DWI/network connectivity
There was no signifi cant interaction between change in DWI measure over 
time and condition in the models of CAPE positive symptom frequency/distress 
change. Contrarily, in cross-sectional early stage schizophrenia research, an 
increase in PANSS disorganized thoughts has been related to an increased 
RAD and decreased FA located in the corpus callosum (57), while another 
study showed a positive association between positive schizotypy symptoms 
and FA (58). It needs to be noted that these studies involved participants with 
higher subclinical symptoms as compared to the current study. Furthermore, 
the current study aimed at changing the interaction between white matter 
measures and subclinical symptoms as a result of an ACT intervention. As this 
is the fi rst time that DWI-symptom associations in relation to psychological 
training in individuals with emerging psychopathology was investigated, a 
direct comparison with similar studies was not feasible.  
There were no signifi cant interactions between the white matter changes 
(ΔFA, ΔAXD, ΔRAD and ΔMD) and condition in the model of PE-score 
change. It was the fi rst time ever to explore the interaction between brain 
white matter measures and an ACT-intervention in models of PE. The absence 
of fi ndings may be explained due to the small, non-signifi cant, white matter 
changes that may not have been detectable in relation to PE change. Further 
work on the relationship between white matter measurements and daily life 
subclinical psychotic symptoms should aim at a larger sample size and longer 
term interventions to investigate plasticity, as compared to the current 
study (24 weeks). Similarly, the network-connectivity parameters showed 
no signifi cant interactions with condition in the symptom models (CAPE 
symptom frequency/distress score and PE-score). It is important to note that 
the network-based analyses depends on the fi ber tractography algorithm 
that is used (60). The current study applied deterministic tractography and 
perhaps probabilistic tractography was more valid to obtain more detailed 
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white matter networks. 

Methodological considerations
While the carefully designed RCT is a strength of the study, some limitations 
need to be taken in consideration. First, the study was based a rather small 
sample (n=45) and therefore the study might be underpowered for detecting 
a difference between the two conditions (n=20 versus n=25) and needs 
replication. Furthermore, participants may have known about which training 
they may have received. The ACT-condition was very different from the 
TD-condition in a practical matter, since the ACT-condition had exercises 
embedded in the ESM. The number of monitoring days was equal in both 
conditions, while the exercises were added to this protocol during these 
days. Blinding could therefore not be guaranteed from the perspective of 
the participant and could have led to a more positive outcome in the ACT-
condition as compared to the TD-condition. Ths effect has been minimized by 
an equal number of days of ESM assessment before and after the intervention 
period. As the expected effect size were largely unknown, the tentative results 
from this study can be seen as a start for further hypotheses-generating. The 
sample comprised young people with mild symptomatology at the milder 
end of the psychosis-continuum and therefore are not directly comparable 
with individuals with At-Risk Mental State or Ultra-High-Risk samples. 
Moreover, it needs to be noted that most models to analyse the associations 
between NA and ΔLE/ΔCC per ROI within the ACT-condition (after a 
signifi cant interaction between condition and ΔLE/ΔCC in the NA models) 
did not converge. This can be explained by the missing values for NA items 
(7 missing in the ACT-condition and 8 in the TD-condition). The sample of 
13 participants in the ACT-condition reduced the variance in ΔLE/ΔCC 
and therefore the NA models did not converge, while the models with 20 
participants in the TD-condition did converge.
The use of tract-based spatial statistics limits the number of voxels to the 
white matter skeleton. This reduces the error term, but also limits analyses 
to the strongest structural connections only. Also, arbitrary borders have 
been used based on the Johns Hopkins University International Consortium 
for Brain Mapping (JHU ICBM)-DTI-81 atlas labels. Regions can be closely 
located next to each other, but are separated due to the borders in the atlas. 
This limits interpretation to the available atlas labels. 
The current study applied deterministic tractography (60). Deterministic 
tractography allows to inspect specifi c regions (as based on the AAL), while 
probabilistic requires to set thresholds to do the same. Removal of small 
fi bers, as based on FA<0.2, may have resulted in removal of important 
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information for the network-based analyses, possibly explaining part of the 
absence of fi ndings.

Conclusion
This RCT in youngsters with mild psychopathology showed no effect of ACT 
on microstructural white matter or network-connectivity parameters, but 
did show behavioural effects in terms of decreased depressive symptoms. 
Besides, a small but signifi cant increase in a composite ESM subclinical PE 
score was reported, while other CAPE subclinical psychosis symptoms 
remained unchanged, possibly indicating that participants in the ACT 
intervention became more aware of themselves and the environment. There 
was an indication for differential associations between change in network 
connectivity and NA as a result of the ACT intervention, but the current 
sample did not allow for complete stratifi ed analyses (since there was not 
enough variance).
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Supplementary materials
Methods
Intervention
Description of the ACT-condition
The randomized controlled trial incorporated an Acceptance and 
Commitment Therapy (ACT) condition and a topical discussion (TD) 
condition as comparison. The ACT-condition followed a specifi c protocol 
during six weekly meetings according to the guidelines from “Get Out Of 
Your Mind And Into Your Life”, in Dutch (1). The ACT-condition and TD-
condition are described in more detail in the supplementary materials. 
The sessions were guided by a professional Acceptance and Commitment 
Therapy (ACT)-trainer and included fi ve participants per group. After each 
session the participants received a PsyMate® device to collect ESM data 
and to practice the acquired skills. The PsyMate® is an app or device (in 
the current study the device was used) that needs to be carried for three 
consecutive days and will beep at ten random times during the day to 
allow for unpredicted sampling. Questions are related to mood, feelings 
and social context. Throughout the day, a participant can freely choose to 
practice an ACT-exercise linked to the topic of the week. Topics covered 
are acceptance, commitment and mindfulness based. 

Description of the TD-condition
Next to the active treatment arm, the RCT incorporated an active control 
condition as comparison. The Topological Discussion (TD)
-condition comprised six sessions to discuss a movie of choice by the 
group. Themed sessions were i) biography (with choices “I am”, “Charles 
Bradley - The Soul Of America”, “Kumaré”, “Christian Dior: The Man Behind 
The Myth” and “Classic Literature - Jane Austen”), ii) crime (“The Cove”, 
“National Geographic-FBI behind the scenes”, “Munich 1972”, “Black Gold” 
and “Breivik - Terrorist, Murder, Psychopath”), iii) history (“Escape From 
Auschwitz”, “Life of the Romans with Terry Jones”, “Vikings: Journey To 
New Worlds”, “National Geographic – The lost Maya kingdom” and “Tomb 
of Toetanchamon”), iv) nature (“The Meerkats”, “Colony”, “Chimpanzee”, 
“BBC Earth - Snow Babies” and “National Geographic - Woede Van De 
Natuur”) and v) art (“Searching for Sugar Man”, “Heimatklänge”, “Annie 
Leibovitz: Life through a Lens”, “Benda Bilili” and “Talking Guitars”). After 
watching the movie a discussion on the main aspect and the take-home 
message followed. After the session all participant received the PsyMate® 
device with the same questions as the ACT-condition, but without the ACT 
exercises. The ESM data collection protocol for the TD-condition was equal 



6

187

ACT AND WHITE MATTER PLASTICITY:  AN RCT

to the ACT-condition. Time investment for TD and ACT-condition were 
equal at around 2h per session.

MRI acquisition and processing
Scan acquisition
T1-weighted Magnetization Prepared Rapid Acquisition Gradient Echo 
(MPRAGE) whole brain images were acquired with a voxel size of 1.0mm x 
1.0mm x 1.0mm (repetition time (TR) = 2250 msec, echo time (TE) = 2.21 
msec, fl ip angle = 9°, fi eld of view (FOV) = 256x256, 192 sagittal orientated 
slices, GRAPPA = 2, no fat suppression, acquisition time (TA) = 5.05 min). 
Whole brain structural Diffusion Weighted Imaging scans were recorded 
using an interleaved echo-planar-imaging sequence (fi eld of view 200 x 200 
mm2, TR 7300 ms, TE 49 ms, voxel size 2 x 2 x 2 mm³, b-value 1000 s/mm², 
72 slices, no overlap). 119 directions were recorded; 11 B0 volumes and 
108 B-1000 volumes. Total acquisition time was 14m52s. Due to a scanner 
update one scan (a participant at T1 in the TD condition) was recorded 
with TR 7800ms.

Diffusion Weighted Imaging processing
After conversion of raw DICOM images to NIfTI format (2), the DWI data 
were converted from NIfTI standard to .mat standard using ExploreDTI 
(3) in a MatLab (The MathWorks, Inc., Natick, Massachusetts, United 
States) programming environment. Motion and eddy-current induced 
geometrical distortions were corrected by realigning the diffusion images 
to the B0 images incorporating B-matrix rotation (4) and coregistered to 
the individual’s anatomical data to correct for echo-planar imaging (EPI) 
distortions (5, 6). The diffusion tensor metrics were calculated using the 
Robust Estimation of Tensors by Outlier Rejection (RESTORE) method 
(7). Fractional Anisotropy (FA) maps were calculated with a threshold of 
> 0.2. White matter tracts were reconstructed at 1mm3 resolution using 
deterministic fi ber tractography, for each individual dataset (8). Individual 
mean diffusivity, axial diffusivity and radial diffusivity maps were exported 
from ExploreDTI to be used in the next steps.

Tract-based analysis
Tract-based spatial statistics (TBSS) in FSL 5.0.9 (FMRIB Analysis Group, 
Oxford, UK) was used for further processing of the DWI data. Nonlinear 
registration aligned all FA volumes to 1 x 1 x 1 mm standard FMRIB58_FA 
space. The standard FMRIB58_FA consists of a template derived from high-
resolution images of 58 participants (males and females between 20 and 
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50 years of age) (9). Next, a mean FA skeleton based on the whole sample 
was generated. This skeleton follows the major white matter tracts in each 
individual participant (normalized in MNI152 space) and provides a way to 
compare between conditions. The FA threshold was set at 0.2 after visual 
inspection of the FA skeleton in order to include major white matter tracts 
while removing small peripheral tracts that would cause excess inter-
participant variability. 

Supplementary tables
Note that the tables 1-10 are Bonferroni corrected as a whole (37 ROI’s 
in four DWI models (ΔFA, ΔAXD, ΔRAD and ΔMD) and in fi ve symptom 
models (CAPE positive frequency/distress symptom, MADRS, PE and NA 
scores). This resulted in a total of 740 interaction tests, corrected via 
the Bonferroni method as implemented in the R stats package function 
‘p.adjust’. In this method the uncorrected p-values were multiplied by 740 
and thresholded with p<0.05. If corrected p-values were higher than 1, the 
values were set to 1.

The tables 11-15 are Bonferroni corrected as a whole (90 ROI’s in 
two network connectivity models (ΔLE and ΔCC) and in fi ve symptom 
models (CAPE positive frequency/distress symptom, MADRS, PE and NA 
scores). This resulted in a total of 900 interaction tests, corrected via 
the Bonferroni method as implemented in the R stats package function 
‘p.adjust’. In this method the uncorrected p-values were multiplied by 900 
and thresholded with p<0.05. If corrected p-values were higher than 1, the 
values were set to 1.
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Table 1: Interaction between conditions and change in fractional anisotropy (T1-T0) in the 
model of CAPE positive symptom frequency/distress score (score at T1, corrected for T0). 
The χ2, uncorrected p-values and Bonferroni corrected p-values (for 740 tests) are provided 
per region of interest. L=left, R=right. 

Frequency Distress

Region of interest χ2 p-value p-value
corr. χ2 p-value p-value

corr.
Genu of corpus callosum 0,000 0,98 1 0,019 0,89 1
Body of corpus callosum 5,948 0,01 0,55 2,601 0,11 1
Splenium of corpus callosum 0,014 0,90 1 0,009 0,93 1
Anterior limb of internal capsule R 0,001 0,97 1 0,090 0,76 1
Anterior limb of internal capsule L 0,210 0,65 1 3,120 0,08 1
Posterior limb of internal capsule R 0,594 0,44 1 0,168 0,68 1
Posterior limb of internal capsule L 2,192 0,14 1 1,807 0,18 1
Retrolenticular pt. internal capsule R 0,168 0,68 1 0,008 0,93 1
Retrolenticular pt. internal capsule L 0,031 0,86 1 0,034 0,85 1
Anterior corona radiata R 0,079 0,78 1 0,039 0,84 1
Anterior corona radiata L 0,694 0,40 1 1,470 0,23 1
Superior corona radiata R 0,012 0,91 1 0,006 0,94 1
Superior corona radiata L 0,506 0,48 1 0,656 0,42 1
Posterior corona radiata R 0,167 0,68 1 0,012 0,91 1
Posterior corona radiata L 0,028 0,87 1 0,245 0,62 1
Posterior thalamic radiation R 0,038 0,85 1 0,556 0,46 1
Posterior thalamic radiation L 0,182 0,67 1 1,072 0,30 1
Sagittal stratum R 0,695 0,40 1 0,117 0,73 1
Sagittal stratum L 0,068 0,79 1 1,121 0,29 1
External capsule R 0,304 0,58 1 0,031 0,86 1
External capsule L 0,102 0,75 1 1,245 0,26 1
Cingulum (cingulate gyrus) R 0,515 0,47 1 0,097 0,76 1
Cingulum (cingulate gyrus) L 0,428 0,51 1 0,025 0,88 1
Cingulum (hippocampus) R 0,936 0,33 1 0,204 0,65 1
Cingulum (hippocampus) L 0,024 0,88 1 0,671 0,41 1
Fornix (cres) R 0,008 0,93 1 0,112 0,74 1
Fornix (cres) L 0,298 0,58 1 3,231 0,07 1
Superior longitudinal fasciculus R 0,467 0,49 1 0,591 0,44 1
Superior longitudinal fasciculus L 0,000 1,00 1 0,362 0,55 1
Superior fronto-occipital fasciculus R 1,134 0,29 1 2,124 0,15 1
Superior fronto-occipital fasciculus L 3,282 0,07 1 0,427 0,51 1
Uncinate fasciculus R 0,222 0,64 1 0,084 0,77 1
Uncinate fasciculus L 1,085 0,30 1 2,572 0,11 1
Tapetum L 0,812 0,37 1 0,676 0,41 1
Fornix 0,522 0,47 1 0,149 0,70 1
Forceps minor 0,678 0,41 1 0,110 0,74 1
Forceps major 0,158 0,69 1 0,150 0,70 1
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Table 2: Interaction between conditions and change in axial diffusivity (T1-T0) in the model 
of CAPE positive symptom frequency/distress score (score at T1, corrected for T0). The χ2, 
uncorrected p-values and Bonferroni corrected p-values (for 740 tests) are provided per 
region of interest. L=left, R=right. 

Frequency Distress

Region of interest χ2 p-value p-value 
corr. χ2 p-value p-value 

corr.
Genu of corpus callosum 0,353 0,55 1 0,009 0,92 1
Body of corpus callosum 0,204 0,65 1 0,207 0,65 1
Splenium of corpus callosum 0,115 0,73 1 1,827 0,18 1
Anterior limb of internal capsule R 1,811 0,18 1 0,203 0,65 1
Anterior limb of internal capsule L 0,554 0,46 1 0,000 1,00 1
Posterior limb of internal capsule R 0,430 0,51 1 1,162 0,28 1
Posterior limb of internal capsule L 0,038 0,85 1 0,099 0,75 1
Retrolenticular pt. internal capsule R 0,536 0,46 1 0,001 0,98 1
Retrolenticular pt. internal capsule L 0,490 0,48 1 0,245 0,62 1
Anterior corona radiata R 0,185 0,67 1 0,196 0,66 1
Anterior corona radiata L 0,227 0,63 1 0,053 0,82 1
Superior corona radiata R 0,928 0,34 1 1,029 0,31 1
Superior corona radiata L 0,051 0,82 1 0,067 0,80 1
Posterior corona radiata R 1,944 0,16 1 3,572 0,06 1
Posterior corona radiata L 0,033 0,86 1 0,007 0,93 1
Posterior thalamic radiation R 0,609 0,44 1 0,699 0,40 1
Posterior thalamic radiation L 0,118 0,73 1 0,373 0,54 1
Sagittal stratum R 0,268 0,60 1 0,445 0,50 1
Sagittal stratum L 0,785 0,38 1 0,162 0,69 1
External capsule R 1,164 0,28 1 0,918 0,34 1
External capsule L 0,027 0,87 1 0,046 0,83 1
Cingulum (cingulate gyrus) R 0,000 0,99 1 0,983 0,32 1
Cingulum (cingulate gyrus) L 0,165 0,68 1 0,000 1,00 1
Cingulum (hippocampus) R 0,706 0,40 1 0,780 0,38 1
Cingulum (hippocampus) L 0,107 0,74 1 0,068 0,80 1
Fornix (cres) R 0,015 0,90 1 0,128 0,72 1
Fornix (cres) L 0,012 0,91 1 1,086 0,30 1
Superior longitudinal fasciculus R 0,223 0,64 1 0,287 0,59 1
Superior longitudinal fasciculus L 0,526 0,47 1 0,135 0,71 1
Superior fronto-occipital fasciculus R 2,247 0,13 1 0,099 0,75 1
Superior fronto-occipital fasciculus L 8,340 0,004 1 3,634 0,06 1
Uncinate fasciculus R 0,918 0,34 1 0,767 0,38 1
Uncinate fasciculus L 0,185 0,67 1 0,002 0,96 1
Tapetum L 0,730 0,39 1 0,407 0,52 1
Fornix 0,040 0,84 1 1,836 0,18 1
Forceps minor 4,244 0,04 1 0,640 0,42 1
Forceps major 0,977 0,32 1 0,115 0,73 1
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Table 3: Interaction between conditions and change in radial diffusivity (T1-T0) in the 
model of CAPE positive symptom frequency/distress score (score at T1, corrected for 
T0). The χ2, uncorrected p-values and Bonferroni corrected p-values (for 740 tests) are 
provided per region of interest. L=left, R=right. 

Frequency Distress

Region of interest χ2 p-value p-value 
corr. χ2 p-value p-value 

corr.
Genu of corpus callosum 0,080 0,78 1 0,002 0,96 1
Body of corpus callosum 2,793 0,09 1 2,468 0,12 1
Splenium of corpus callosum 0,041 0,84 1 0,102 0,75 1
Anterior limb of internal capsule R 1,010 0,31 1 0,251 0,62 1
Anterior limb of internal capsule L 0,022 0,88 1 2,449 0,12 1
Posterior limb of internal capsule R 1,226 0,27 1 0,111 0,74 1
Posterior limb of internal capsule L 1,276 0,26 1 0,720 0,40 1
Retrolenticular pt. internal capsule R 0,095 0,76 1 0,000 0,99 1
Retrolenticular pt. internal capsule L 0,000 1,00 1 0,205 0,65 1
Anterior corona radiata R 0,019 0,89 1 0,018 0,89 1
Anterior corona radiata L 0,179 0,67 1 1,883 0,17 1
Superior corona radiata R 0,018 0,89 1 0,290 0,59 1
Superior corona radiata L 0,900 0,34 1 1,515 0,22 1
Posterior corona radiata R 0,054 0,82 1 0,216 0,64 1
Posterior corona radiata L 0,004 0,95 1 0,001 0,97 1
Posterior thalamic radiation R 0,110 0,74 1 0,823 0,36 1
Posterior thalamic radiation L 0,394 0,53 1 1,634 0,20 1
Sagittal stratum R 0,253 0,62 1 0,006 0,94 1
Sagittal stratum L 0,800 0,37 1 1,646 0,20 1
External capsule R 0,050 0,82 1 0,340 0,56 1
External capsule L 0,119 0,73 1 2,119 0,15 1
Cingulum (cingulate gyrus) R 0,087 0,77 1 0,033 0,86 1
Cingulum (cingulate gyrus) L 0,058 0,81 1 0,060 0,81 1
Cingulum (hippocampus) R 0,939 0,33 1 0,008 0,93 1
Cingulum (hippocampus) L 2,084 0,15 1 6,505 0,01 1
Fornix (cres) R 0,033 0,86 1 0,483 0,49 1
Fornix (cres) L 0,718 0,40 1 1,768 0,18 1
Superior longitudinal fasciculus R 0,540 0,46 1 1,187 0,28 1
Superior longitudinal fasciculus L 0,145 0,70 1 0,218 0,64 1
Superior fronto-occipital fasciculus R 0,526 0,47 1 3,590 0,06 1
Superior fronto-occipital fasciculus L 0,009 0,92 1 0,496 0,48 1
Uncinate fasciculus R 0,476 0,49 1 0,473 0,49 1
Uncinate fasciculus L 2,228 0,14 1 5,133 0,02 1
Tapetum L 1,601 0,21 1 1,036 0,31 1
Fornix 0,290 0,59 1 0,799 0,37 1
Forceps minor 0,533 0,47 1 0,140 0,71 1
Forceps major 0,017 0,90 1 0,006 0,94 1
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Table 4: Interaction between conditions and change in mean diffusivity (T1-T0) in the 
model of CAPE positive symptom frequency/distress score (score at T1, corrected for 
T0). The χ2, uncorrected p-values and Bonferroni corrected p-values (for 740 tests) are 
provided per region of interest. L=left, R=right. 

Frequency Distress

Region of interest χ2 p-value p-value 
corr. χ2 p-value p-value

corr.
Genu of corpus callosum 0,143 0,71 1 0,007 0,93 1
Body of corpus callosum 0,718 0,40 1 4,822 0,03 1
Splenium of corpus callosum 0,004 0,95 1 0,627 0,43 1
Anterior limb of internal capsule R 3,766 0,05 1 0,388 0,53 1
Anterior limb of internal capsule L 0,004 0,95 1 1,810 0,18 1
Posterior limb of internal capsule R 0,611 0,43 1 0,028 0,87 1
Posterior limb of internal capsule L 1,658 0,20 1 0,271 0,60 1
Retrolenticular pt. internal capsule R 0,014 0,91 1 0,001 0,97 1
Retrolenticular pt. internal capsule L 0,426 0,51 1 0,001 0,97 1
Anterior corona radiata R 0,016 0,90 1 0,133 0,72 1
Anterior corona radiata L 0,118 0,73 1 1,096 0,30 1
Superior corona radiata R 0,000 0,99 1 0,447 0,50 1
Superior corona radiata L 0,348 0,56 1 1,569 0,21 1
Posterior corona radiata R 0,062 0,80 1 0,915 0,34 1
Posterior corona radiata L 0,286 0,59 1 0,049 0,82 1
Posterior thalamic radiation R 0,946 0,33 1 1,207 0,27 1
Posterior thalamic radiation L 0,346 0,56 1 0,960 0,33 1
Sagittal stratum R 0,005 0,95 1 0,024 0,88 1
Sagittal stratum L 0,511 0,47 1 0,379 0,54 1
External capsule R 0,001 0,98 1 0,190 0,66 1
External capsule L 0,004 0,95 1 0,933 0,33 1
Cingulum (cingulate gyrus) R 0,029 0,87 1 0,739 0,39 1
Cingulum (cingulate gyrus) L 0,053 0,82 1 0,564 0,45 1
Cingulum (hippocampus) R 0,003 0,96 1 0,780 0,38 1
Cingulum (hippocampus) L 0,887 0,35 1 4,751 0,03 1
Fornix (cres) R 0,223 0,64 1 0,009 0,92 1
Fornix (cres) L 0,058 0,81 1 0,311 0,58 1
Superior longitudinal fasciculus R 0,136 0,71 1 1,428 0,23 1
Superior longitudinal fasciculus L 0,190 0,66 1 0,723 0,40 1
Superior fronto-occipital fasciculus R 0,189 0,66 1 1,680 0,19 1
Superior fronto-occipital fasciculus L 3,478 0,06 1 3,076 0,08 1
Uncinate fasciculus R 0,879 0,35 1 0,854 0,36 1
Uncinate fasciculus L 0,750 0,39 1 3,028 0,08 1
Tapetum L 1,351 0,25 1 0,898 0,34 1
Fornix 0,185 0,67 1 1,391 0,24 1
Forceps minor 1,324 0,25 1 0,066 0,80 1
Forceps major 0,028 0,87 1 0,007 0,93 1
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Table 5: Interaction between conditions and change in fractional anisotropy (T1-T0) in the 
model of Psychotic Experiences and MADRS total (score at T1, corrected for T0). The χ2, 
uncorrected p-values and Bonferroni corrected p-values (for 740 tests) are provided per 
region of interest. L=left, R=right. 

Pscyhotic Experiences MADRS total

Region of interest χ2 p-value p-value 
corr. χ2 p-value p-value 

corr.
Genu of corpus callosum 1,907 0,17 1 2,512 0,11 1
Body of corpus callosum 0,041 0,84 1 6,412 0,01 1
Splenium of corpus callosum 1,691 0,19 1 0,954 0,33 1
Anterior limb of internal capsule R 0,265 0,61 1 0,543 0,46 1
Anterior limb of internal capsule L 0,053 0,82 1 13,508 0,0002 0.17
Posterior limb of internal capsule R 0,165 0,68 1 1,354 0,24 1
Posterior limb of internal capsule L 0,046 0,83 1 0,814 0,37 1
Retrolenticular pt. internal capsule R 2,039 0,15 1 0,682 0,41 1
Retrolenticular pt. internal capsule L 0,009 0,93 1 0,864 0,35 1
Anterior corona radiata R 0,481 0,49 1 0,552 0,46 1
Anterior corona radiata L 0,091 0,76 1 8,363 0,0004 1
Superior corona radiata R 1,045 0,31 1 1,108 0,29 1
Superior corona radiata L 0,017 0,90 1 4,174 0,04 1
Posterior corona radiata R 2,196 0,14 1 0,500 0,48 1
Posterior corona radiata L 0,045 0,83 1 0,127 0,72 1
Posterior thalamic radiation R 2,364 0,12 1 0,081 0,78 1
Posterior thalamic radiation L 0,013 0,91 1 0,214 0,64 1
Sagittal stratum R 2,677 0,10 1 0,004 0,95 1
Sagittal stratum L 0,188 0,66 1 2,581 0,11 1
External capsule R 1,207 0,27 1 0,863 0,35 1
External capsule L 0,001 0,98 1 7,163 0,01 1
Cingulum (cingulate gyrus) R 0,000 0,99 1 1,095 0,30 1
Cingulum (cingulate gyrus) L 0,054 0,82 1 4,379 0,04 1
Cingulum (hippocampus) R 0,132 0,72 1 0,031 0,86 1
Cingulum (hippocampus) L 0,003 0,96 1 2,041 0,15 1
Fornix (cres) R 0,295 0,59 1 0,146 0,70 1
Fornix (cres) L 0,000 1,00 1 2,201 0,14 1
Superior longitudinal fasciculus R 1,263 0,26 1 0,926 0,34 1
Superior longitudinal fasciculus L 0,023 0,88 1 7,487 0,01 1
Superior fronto-occipital fasciculusR 1,733 0,19 1 0,041 0,84 1
Superior fronto-occipital fasciculusL 0,234 0,63 1 0,022 0,88 1
Uncinate fasciculus R 2,490 0,11 1 0,397 0,53 1
Uncinate fasciculus L 0,486 0,49 1 0,675 0,41 1
Tapetum L 0,358 0,55 1 2,850 0,09 1
Fornix 0,060 0,81 1 0,459 0,50 1
Forceps minor 0,067 0,80 1 1,318 0,25 1
Forceps major 0,145 0,70 1 0,233 0,63 1
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Table 6: Interaction between conditions and change in axial diffusivity (T1-T0) in the 
model of Psychotic Experiences and MADRS total (score at T1, corrected for T0). The χ2, 
uncorrected p-values and Bonferroni corrected p-values (for 740 tests) are provided per 
region of interest. L=left, R=right. 

Pscyhotic Experiences MADRS total

Region of interest χ2 p-value p-value 
corr. χ2 p-value p-value 

corr.
Genu of corpus callosum 0,963 0,33 1 0,954 0,33 1
Body of corpus callosum 0,887 0,35 1 2,031 0,15 1
Splenium of corpus callosum 4,121 0,04 1 0,039 0,84 1
Anterior limb of internal capsule R 1,607 0,20 1 3,511 0,06 1
Anterior limb of internal capsule L 1,223 0,27 1 0,474 0,49 1
Posterior limb of internal capsule R 3,587 0,06 1 0,141 0,71 1
Posterior limb of internal capsule L 0,294 0,59 1 0,064 0,80 1
Retrolenticular pt. internal capsule R 0,138 0,71 1 0,098 0,75 1
Retrolenticular pt. internal capsule L 0,008 0,93 1 0,001 0,98 1
Anterior corona radiata R 5,228 0,02 1 0,966 0,33 1
Anterior corona radiata L 1,533 0,22 1 0,819 0,37 1
Superior corona radiata R 2,263 0,13 1 0,030 0,86 1
Superior corona radiata L 0,000 0,98 1 0,000 1,00 1
Posterior corona radiata R 3,953 0,05 1 0,017 0,90 1
Posterior corona radiata L 0,110 0,74 1 1,623 0,20 1
Posterior thalamic radiation R 0,156 0,69 1 0,526 0,47 1
Posterior thalamic radiation L 0,055 0,81 1 1,452 0,23 1
Sagittal stratum R 7,330 0,01 1 0,421 0,52 1
Sagittal stratum L 0,118 0,73 1 0,000 1,00 1
External capsule R 2,041 0,15 1 0,377 0,54 1
External capsule L 0,374 0,54 1 0,029 0,86 1
Cingulum (cingulate gyrus) R 0,938 0,33 1 0,545 0,46 1
Cingulum (cingulate gyrus) L 0,074 0,79 1 2,010 0,16 1
Cingulum (hippocampus) R 0,898 0,34 1 2,262 0,13 1
Cingulum (hippocampus) L 3,986 0,05 1 0,565 0,45 1
Fornix (cres) R 0,272 0,60 1 0,353 0,55 1
Fornix (cres) L 0,029 0,87 1 0,366 0,55 1
Superior longitudinal fasciculus R 2,841 0,09 1 0,056 0,81 1
Superior longitudinal fasciculus L 0,813 0,37 1 0,097 0,76 1
Superior fronto-occipital fasciculus R 0,082 0,77 1 2,389 0,12 1
Superior fronto-occipital fasciculus L 0,476 0,49 1 1,188 0,28 1
Uncinate fasciculus R 6,541 0,01 1 0,002 0,97 1
Uncinate fasciculus L 1,178 0,0005 0,44 0,004 0,95 1
Tapetum L 0,496 0,48 1 0,040 0,84 1
Fornix 0,163 0,69 1 0,337 0,56 1
Forceps minor 3,886 0,05 1 3,587 0,06 1
Forceps major 0,011 0,92 1 0,890 0,35 1
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Table 7: Interaction between conditions and change in radial diffusivity (T1-T0) in the 
model of Psychotic Experiences and MADRS total (score at T1, corrected for T0). The χ2, 
uncorrected p-values and Bonferroni corrected p-values (for 740 tests) are provided per 
region of interest. L=left, R=right. 

Pscyhotic Experiences MADRS total

Region of interest χ2 p-value p-value 
corr. χ2 p-value p-value 

corr.
Genu of corpus callosum 2,064 0,15 1 1,052 0,30 1
Body of corpus callosum 0,122 0,73 1 3,199 0,07 1
Splenium of corpus callosum 2,663 0,10 1 0,816 0,37 1
Anterior limb of internal capsule R 1,304 0,25 1 0,079 0,78 1
Anterior limb of internal capsule L 0,286 0,59 1 10,684 0,001 0.80
Posterior limb of internal capsule R 0,958 0,33 1 1,073 0,30 1
Posterior limb of internal capsule L 0,116 0,73 1 2,453 0,12 1
Retrolenticular pt. internal capsule R 2,282 0,13 1 0,685 0,41 1
Retrolenticular pt. internal capsule L 0,001 0,97 1 0,967 0,33 1
Anterior corona radiata R 5,470 0,02 1 0,108 0,74 1
Anterior corona radiata L 0,627 0,43 1 4,518 0,03 1
Superior corona radiata R 4,936 0,03 1 0,976 0,32 1
Superior corona radiata L 0,001 0,98 1 3,756 0,05 1
Posterior corona radiata R 5,756 0,02 1 0,346 0,56 1
Posterior corona radiata L 0,069 0,79 1 0,190 0,66 1
Posterior thalamic radiation R 3,365 0,07 1 0,043 0,84 1
Posterior thalamic radiation L 0,027 0,87 1 0,082 0,77 1
Sagittal stratum R 4,795 0,03 1 0,005 0,94 1
Sagittal stratum L 0,638 0,42 1 2,740 0,10 1
External capsule R 4,301 0,04 1 0,048 0,83 1
External capsule L 0,080 0,78 1 8,378 0,004 1
Cingulum (cingulate gyrus) R 0,378 0,54 1 1,004 0,32 1
Cingulum (cingulate gyrus) L 0,201 0,65 1 2,014 0,16 1
Cingulum (hippocampus) R 0,911 0,34 1 0,983 0,32 1
Cingulum (hippocampus) L 1,076 0,30 1 0,412 0,52 1
Fornix (cres) R 2,152 0,14 1 0,447 0,50 1
Fornix (cres) L 0,000 0,99 1 1,703 0,19 1
Superior longitudinal fasciculus R 1,839 0,18 1 0,657 0,42 1
Superior longitudinal fasciculus L 0,052 0,82 1 5,716 0,02 1
Superior fronto-occipital fasciculus R 1,873 0,17 1 0,195 0,66 1
Superior fronto-occipital fasciculus L 0,419 0,52 1 2,343 0,13 1
Uncinate fasciculus R 6,994 0,01 1 0,486 0,49 1
Uncinate fasciculus L 0,471 0,49 1 2,032 0,15 1
Tapetum L 0,037 0,85 1 2,054 0,15 1
Fornix 0,018 0,89 1 0,289 0,59 1
Forceps minor 2,713 0,10 1 0,242 0,62 1
Forceps major 0,929 0,34 1 0,896 0,34 1
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Table 8: Interaction between conditions and change in mean diffusivity (T1-T0) in the 
model of Psychotic Experiences and MADRS total (score at T1, corrected for T0). The χ2, 
uncorrected p-values and Bonferroni corrected p-values (for 740 tests) are provided per 
region of interest. L=left, R=right. 

Pscyhotic Experiences MADRS total

Region of interest χ2 p-value p-value 
corr. χ2 p-value p-value

corr.
Genu of corpus callosum 1,740 0,19 1 0,004 0,95 1
Body of corpus callosum 1,078 0,30 1 0,890 0,35 1
Splenium of corpus callosum 3,973 0,05 1 0,573 0,45 1
Anterior limb of internal capsule R 5,486 0,02 1 0,066 0,80 1
Anterior limb of internal capsule L 0,599 0,44 1 5,576 0,02 1
Posterior limb of internal capsule R 3,590 0,06 1 0,413 0,52 1
Posterior limb of internal capsule L 0,000 0,99 1 4,445 0,04 1
Retrolenticular pt. internal capsule R 1,436 0,23 1 0,868 0,35 1
Retrolenticular pt. internal capsule L 0,012 0,91 1 0,477 0,49 1
Anterior corona radiata R 12,100 0,0005 0,37 0,024 0,88 1
Anterior corona radiata L 3,778 0,05 1 1,278 0,26 1
Superior corona radiata R 7,288 0,01 1 0,304 0,58 1
Superior corona radiata L 0,007 0,93 1 2,129 0,14 1
Posterior corona radiata R 6,789 0,01 1 0,101 0,75 1
Posterior corona radiata L 0,012 0,91 1 0,078 0,78 1
Posterior thalamic radiation R 1,920 0,17 1 0,207 0,65 1
Posterior thalamic radiation L 0,002 0,96 1 0,375 0,54 1
Sagittal stratum R 7,038 0,01 1 0,042 0,84 1
Sagittal stratum L 1,177 0,28 1 1,234 0,27 1
External capsule R 4,304 0,04 1 0,085 0,77 1
External capsule L 1,333 0,25 1 5,000 0,03 1
Cingulum (cingulate gyrus) R 1,911 0,17 1 0,603 0,44 1
Cingulum (cingulate gyrus) L 1,220 0,27 1 0,508 0,48 1
Cingulum (hippocampus) R 2,249 0,13 1 2,959 0,09 1
Cingulum (hippocampus) L 10,504 0,0001 1 0,010 0,92 1
Fornix (cres) R 1,953 0,16 1 0,789 0,37 1
Fornix (cres) L 0,036 0,85 1 0,150 0,70 1
Superior longitudinal fasciculus R 2,218 0,14 1 0,297 0,59 1
Superior longitudinal fasciculus L 0,792 0,37 1 5,053 0,02 1
Superior fronto-occipital fasciculus R 1,322 0,25 1 1,805 0,18 1
Superior fronto-occipital fasciculus L 0,409 0,52 1 3,764 0,05 1
Uncinate fasciculus R 11,082 0,0009 0,64 0,214 0,64 1
Uncinate fasciculus L 9,529 0,002 1 1,580 0,21 1
Tapetum L 0,217 0,64 1 1,008 0,32 1
Fornix 0,051 0,82 1 0,031 0,86 1
Forceps minor 5,657 0,02 1 0,010 0,92 1
Forceps major 1,175 0,28 1 1,402 0,24 1
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Table 9: Interaction between conditions and change in fractional anisotropy and axial 
diffusivity (T1-T0) in the model of Negative Affect (score at T1, corrected for T0). The χ2, 
uncorrected p-values and Bonferroni corrected p-values (for 740 tests) are provided per 
region of interest. L=left, R=right. 

Fractional Anisotropy NA Axial Diffusivity NA

Region of interest χ2 p-value p-value 
corr. χ2 p-value p-value 

corr.
Genu of corpus callosum 0,70 0,40 1 0,74 0,39 1
Body of corpus callosum 0,31 0,58 1 2,00 0,16 1
Splenium of corpus callosum 1,02 0,31 1 1,72 0,19 1
Anterior limb of internal capsule R 0,06 0,80 1 2,46 0,12 1
Anterior limb of internal capsule L 0,45 0,50 1 8,86 0,003 1
Posterior limb of internal capsule R 0,97 0,32 1 2,49 0,11 1
Posterior limb of internal capsule L 0,04 0,84 1 1,00 0,32 1
Retrolenticular pt. internal capsule R 0,65 0,42 1 0,20 1,00 1
Retrolenticular pt. internal capsule L 0,12 0,73 1 1,15 0,28 1
Anterior corona radiata R 0,07 0,80 1 2,93 0,09 1
Anterior corona radiata L 1,44 0,23 1 9,74 0,002 1
Superior corona radiata R 0,51 0,48 1 4,46 0,03 1
Superior corona radiata L 0,08 0,78 1 1,31 0,25 1
Posterior corona radiata R 0,02 0,90 1 3,31 0,07 1
Posterior corona radiata L 0,20 0,65 1 1,08 0,30 1
Posterior thalamic radiation R 0,11 0,74 1 0,43 0,51 1
Posterior thalamic radiation L 0,79 0,37 1 0,10 0,75 1
Sagittal stratum R 0,36 0,55 1 4,91 0,03 1
Sagittal stratum L 0,38 0,54 1 0,54 0,46 1
External capsule R 1,86 0,17 1 3,07 0,08 1
External capsule L 0,16 0,69 1 2,05 0,15 1
Cingulum (cingulate gyrus) R 5,28 0,02 1 8,53 0,003 1
Cingulum (cingulate gyrus) L 0,07 0,80 1 3,01 0,08 1
Cingulum (hippocampus) R 6,60 0,01 1 8,13 0,004 1
Cingulum (hippocampus) L 0,48 0,49 1 4,04 0,04 1
Fornix (cres) R 10,67 0,001 0,80 4,12 0,04 1
Fornix (cres) L 0,66 0,42 1 2,23 0,14 1
Superior longitudinal fasciculus R 0,33 0,56 1 4,30 0,04 1
Superior longitudinal fasciculus L 0,03 0,87 1 3,63 0,06 1
Superior fronto-occipital fasciculus R 0,02 0,89 1 0,02 0,89 1
Superior fronto-occipital fasciculus L 3,37 0,07 1 3,20 0,07 1
Uncinate fasciculus R 0,33 0,57 1 6,05 0,01 1
Uncinate fasciculus L 1,74 0,19 1 11,35 0,0008 0,56
Tapetum L 0,95 0,33 1 0,80 0,37 1
Fornix 12,50 0,0004 0,30 1,71 0,19 1
Forceps minor 0,12 0,73 1 7,75 0,01 1
Forceps major 0,01 0,90 1 0,04 0,84 1
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Table 10: Interaction between conditions and change in radial diffusivity and mean 
diffusivity (T1-T0) in the model of Negative Affect (score at T1, corrected for T0). The χ2, 
uncorrected p-values and Bonferroni corrected p-values (for 740 tests) are provided per 
region of interest. L=left, R=right. 

Radial Diffusivity NA Mean Diffusivity NA

Region of interest χ2 p-value p-value 
corr. χ2 p-value p-value

corr.
Genu of corpus callosum 1,26 0,26 1 1,55 0,21 1
Body of corpus callosum 0,02 0,88 1 1,00 0,32 1
Splenium of corpus callosum 1,43 0,23 1 1,78 0,18 1
Anterior limb of internal capsule R 0,10 0,75 1 1,22 0,27 1
Anterior limb of internal capsule L 0,002 0,96 1 0,78 0,38 1
Posterior limb of internal capsule R 0,55 0,46 1 0,24 0,62 1
Posterior limb of internal capsule L 0,04 0,85 1 0,24 0,63 1
Retrolenticular pt. internal capsule R 0,78 0,38 1 0,74 0,39 1
Retrolenticular pt. internal capsule L 0,48 0,49 1 0,36 0,55 1
Anterior corona radiata R 1,69 0,19 1 4,63 0,03 1
Anterior corona radiata L 0,27 0,61 1 6,67 0,01 1
Superior corona radiata R 2,95 0,09 1 5,22 0,02 1
Superior corona radiata L 0,80 0,37 1 0,89 0,35 1
Posterior corona radiata R 0,92 0,34 1 1,89 0,17 1
Posterior corona radiata L 2,23 0,14 1 0,24 0,62 1
Posterior thalamic radiation R 0,07 0,79 1 0,95 0,33 1
Posterior thalamic radiation L 0,50 0,48 1 0,08 0,78 1
Sagittal stratum R 1,70 0,19 1 4,47 0,03 1
Sagittal stratum L 1,36 0,24 1 9,64 0,002 1
External capsule R 0,10 0,75 1 1,38 0,24 1
External capsule L 0,03 0,87 1 0,15 0,22 1
Cingulum (cingulate gyrus) R 0,33 0,56 1 3,30 0,07 1
Cingulum (cingulate gyrus) L 0,23 0,64 1 1,79 0,18 1
Cingulum (hippocampus) R 0,003 0,96 1 1,76 0,18 1
Cingulum (hippocampus) L 0,42 0,52 1 1,01 0,32 1
Fornix (cres) R 1,42 0,23 1 7,04 0,01 1
Fornix (cres) L 0,04 0,83 1 7,46 0,01 1
Superior longitudinal fasciculus R 0,65 0,42 1 1,62 0,20 1
Superior longitudinal fasciculus L 0,31 0,58 1 1,15 0,28 1
Superior fronto-occipital fasciculus R 0,02 0,90 1 0,30 0,59 1
Superior fronto-occipital fasciculus L 0,07 0,79 1 2,27 0,13 1
Uncinate fasciculus R 0,56 0,46 1 3,67 0,06 1
Uncinate fasciculus L 0,06 0,80 1 5,41 0,02 1
Tapetum L 2,45 0,12 1 1,89 0,17 1
Fornix 7,93 0,005 1 0,04 0,84 1
Forceps minor 1,53 0,22 1 1,00 0,02 1
Forceps major 0,01 0,94 1 0,05 0,83 1
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 Table 11: Interaction between conditions and change in local effi ciency (T1-T0) in the model 
of CAPE positive symptom frequency/distress score (score at T1, corrected for T0). The χ2, 
uncorrected p-values and Bonferroni corrected p-values (for 900 tests) are provided per 
region of interest. L=left, R=right. 

Frequency Distress

Region of interest χ2 p-value p-value
corr. χ2 p-value p-value

corr.
Precentral L 0,276 0,60 1 0,261 0,61 1
Precentral R 0,052 0,82 1 0,888 0,35 1
Frontal Superior L 0,002 0,96 1 0,346 0,56 1
Frontal Superior R 0,059 0,81 1 0,214 0,64 1
Superior frontal, orbital part L 0,318 0,57 1 0,985 0,32 1
Superior frontal, orbital part R 1,278 0,26 1 2,323 0,13 1
Frontal Middle L 0,722 0,40 1 2,658 0,10 1
Frontal Middle R 0,014 0,91 1 0,034 0,85 1
Frontal Middle, orbital part L 0,254 0,61 1 0,072 0,79 1
Frontal Middle, orbital part R 0,490 0,48 1 1,724 0,19 1
Frontal Inferior, pars opercularis L 1,474 0,22 1 0,188 0,66 1
Frontal Inferior, pars opercularis R 7,936 0,00 0,44 4,502 0,03 1
Frontal Inferior, pars triangularis L 1,298 0,25 1 1,990 0,16 1
Frontal Inferior, pars triangularis R 0,515 0,47 1 0,093 0,76 1
Frontal Inferior, pars orbitalis L 0,338 0,56 1 1,762 0,18 1
Frontal Inferior, pars orbitalis R 0,672 0,41 1 2,546 0,11 1
Rolandic Operculum L 0,492 0,48 1 0,024 0,88 1
Rolandic Operculum R 0,171 0,68 1 0,611 0,43 1
Supplementary Motor Area L 0,392 0,53 1 2,213 0,14 1
Supplementary Motor Area R 0,376 0,54 1 0,726 0,39 1
Olfactory cortex L 0,634 0,43 1 2,035 0,15 1
Olfactory cortex R 0,006 0,94 1 0,553 0,46 1
Frontal Superior Medial L 0,416 0,52 1 0,179 0,67 1
Frontal Superior Medial R 1,274 0,26 1 0,202 0,65 1
Frontal Medial Orbito L 0,885 0,35 1 0,000 1,00 1
Frontal Medial Orbito R 0,017 0,90 1 0,383 0,54 1
Rectus L 0,293 0,59 1 1,467 0,23 1
Rectus R 0,589 0,44 1 0,578 0,45 1
Insula L 0,312 0,58 1 0,852 0,36 1
Insula R 1,115 0,29 1 0,026 0,87 1
Cingulum Anterior L 3,876 0,05 1 1,673 0,20 1
Cingulum Anterior R 0,325 0,57 1 0,371 0,54 1
Cingulum Middle L 4,877 0,03 1 5,265 0,02 1
Cingulum Middle R 0,377 0,54 1 0,882 0,35 1
Cingulum Posterior L 1,388 0,24 1 0,101 0,75 1
Cingulum Posterior R 0,280 0,60 1 0,004 0,95 1
Hippocampus L 0,131 0,72 1 1,887 0,17 1
Hippocampus R 0,039 0,84 1 0,716 0,40 1
ParaHippocampal L 0,404 0,53 1 0,332 0,56 1
ParaHippocampal R 0,311 0,58 1 0,365 0,55 1
Amygdala L 0,257 0,61 1 0,001 0,98 1
Amygdala R 0,076 0,78 1 0,304 0,58 1
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Region of interest χ2 p-value p-value
corr. χ2 p-value p-value

corr.
Calcarine L 0,097 0,76 1 0,200 0,65 1
Calcarine R 0,705 0,40 1 0,539 0,46 1
Cuneus L 0,138 0,71 1 0,058 0,81 1
Cuneus R 0,309 0,58 1 0,036 0,85 1
Lingual L 0,818 0,37 1 0,088 0,77 1
Lingual R 0,641 0,42 1 0,060 0,81 1
Occipital Superior L 0,141 0,71 1 0,017 0,90 1
Occipital Superior R 0,160 0,69 1 1,185 0,28 1
Occipital Middle L 0,122 0,73 1 0,082 0,77 1
Occipital Middle R 1,484 0,22 1 2,453 0,12 1
Occipital Inferior L 2,007 0,16 1 0,844 0,36 1
Occipital Inferior R 4,426 0,04 1 4,022 0,04 1
Fusiform L 0,241 0,62 1 0,608 0,44 1
Fusiform R 0,103 0,75 1 0,008 0,93 1
Postcentral L 0,014 0,91 1 0,096 0,76 1
Postcentral R 0,497 0,48 1 0,097 0,75 1
Parietal Superior L 0,031 0,86 1 0,442 0,51 1
Parietal Superior R 0,301 0,58 1 0,130 0,72 1
Parietal Inferior L 0,361 0,55 1 2,321 0,13 1
Parietal Inferior R 0,058 0,81 1 0,545 0,46 1
Supramarginal L 1,487 0,22 1 0,528 0,47 1
Supramarginal R 0,258 0,61 1 0,402 0,53 1
Angular L 0,102 0,75 1 0,326 0,57 1
Angular R 0,068 0,79 1 0,084 0,77 1
Precuneus L 0,037 0,85 1 0,829 0,36 1
Precuneus R 0,014 0,91 1 0,068 0,79 1
Paracentral Lobule L 5,659 0,02 1 6,903 0,01 0,77
Paracentral Lobule R 0,591 0,44 1 0,473 0,49 1
Caudate L 0,015 0,90 1 0,511 0,47 1
Caudate R 2,380 0,12 1 5,722 0,02 1
Putamen L 0,810 0,37 1 0,049 0,83 1
Putamen R 0,101 0,75 1 0,008 0,93 1
Pallidum L 1,369 0,24 1 0,001 0,98 1
Pallidum R 0,036 0,85 1 0,114 0,74 1
Thalamus L 0,573 0,45 1 0,006 0,94 1
Thalamus R 0,067 0,80 1 0,503 0,48 1
Heschl L 0,052 0,82 1 0,288 0,59 1
Heschl R 0,374 0,54 1 1,390 0,24 1
Temporal Superior L 0,045 0,83 1 0,430 0,51 1
Temporal Superior R 0,351 0,55 1 3,475 0,06 1
Temporal Pole Superior L 0,080 0,78 1 0,083 0,77 1
Temporal Pole Superior R 0,451 0,50 1 0,000 1,00 1
Temporal Middle L 0,198 0,66 1 0,749 0,39 1
Temporal Middle R 1,494 0,22 1 0,415 0,52 1
Temporal Pole Middle L 0,026 0,87 1 0,016 0,90 1
Temporal Pole Middle R 0,707 0,40 1 0,354 0,55 1
Temporal Inferior L 1,267 0,26 1 0,228 0,63 1
Temporal Inferior R 0,081 0,78 1 0,000 0,99 1
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Table 12: Interaction between conditions and change in clustering coeffi cient (T1-T0) in 
the model of CAPE positive symptom frequency/distress score (score at T1, corrected for 
T0). The χ2, uncorrected p-values and Bonferroni corrected p-values (for 900 tests) are 
provided per region of interest. L=left, R=right. 

Frequency Distress

Region of interest χ2 p-value p-value
corr. χ2 p-value p-value

corr.
Precentral L 0,316 0,57 1 0,381 0,54 1
Precentral R 0,011 0,92 1 0,356 0,55 1
Frontal Superior L 0,267 0,61 1 0,000 0,99 1
Frontal Superior R 0,431 0,51 1 0,042 0,84 1
Superior frontal, orbital part L 0,988 0,32 1 0,445 0,50 1
Superior frontal, orbital part R 0,663 0,42 1 0,649 0,42 1
Frontal Middle L 0,447 0,50 1 2,478 0,12 1
Frontal Middle R 0,008 0,93 1 0,001 0,97 1
Frontal Middle, orbital part L 0,617 0,43 1 0,344 0,56 1
Frontal Middle, orbital part R 0,177 0,67 1 0,783 0,38 1
Frontal Inferior, pars opercularis L 0,643 0,42 1 0,001 0,98 1
Frontal Inferior, pars opercularis R 6,111 0,01 1 3,550 0,06 1
Frontal Inferior, pars triangularis L 1,169 0,28 1 2,138 0,14 1
Frontal Inferior, pars triangularis R 0,602 0,44 1 0,107 0,74 1
Frontal Inferior, pars orbitalis L 0,190 0,66 1 1,176 0,28 1
Frontal Inferior, pars orbitalis R 0,416 0,52 1 1,757 0,19 1
Rolandic Operculum L 0,055 0,82 1 0,159 0,69 1
Rolandic Operculum R 0,168 0,68 1 0,657 0,42 1
Supplementary Motor Area L 0,298 0,59 1 1,565 0,21 1
Supplementary Motor Area R 0,104 0,75 1 0,050 0,82 1
Olfactory cortex L 0,223 0,64 1 0,605 0,44 1
Olfactory cortex R 0,457 0,50 1 0,003 0,96 1
Frontal Superior Medial L 1,389 0,24 1 0,033 0,86 1
Frontal Superior Medial R 3,353 0,07 1 1,621 0,20 1
Frontal Medial Orbito L 2,405 0,12 1 0,373 0,54 1
Frontal Medial Orbito R 0,443 0,51 1 2,575 0,11 1
Rectus L 0,011 0,92 1 0,455 0,50 1
Rectus R 0,017 0,90 1 0,005 0,94 1
Insula L 0,032 0,86 1 0,171 0,68 1
Insula R 0,552 0,46 1 0,131 0,72 1
Cingulum Anterior L 2,480 0,12 1 0,244 0,62 1
Cingulum Anterior R 0,051 0,82 1 0,224 0,64 1
Cingulum Middle L 2,648 0,10 1 3,064 0,08 1
Cingulum Middle R 0,009 0,92 1 0,001 0,98 1
Cingulum Posterior L 3,384 0,07 1 1,349 0,25 1
Cingulum Posterior R 0,803 0,37 1 0,198 0,66 1
Hippocampus L 0,001 0,98 1 0,862 0,35 1
Hippocampus R 0,109 0,74 1 0,010 0,92 1
ParaHippocampal L 0,038 0,85 1 0,046 0,83 1
ParaHippocampal R 0,053 0,82 1 0,030 0,86 1
Amygdala L 0,478 0,49 1 0,001 0,98 1
Amygdala R 0,026 0,87 1 0,014 0,91 1
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Region of interest χ2 p-value p-value
corr. χ2 p-value p-value

corr.
Calcarine L 0,007 0,93 1 0,053 0,82 1
Calcarine R 1,297 0,25 1 0,985 0,32 1
Cuneus L 0,402 0,53 1 0,050 0,82 1
Cuneus R 0,552 0,46 1 0,208 0,65 1
Lingual L 1,469 0,23 1 0,671 0,41 1
Lingual R 1,570 0,21 1 0,549 0,46 1
Occipital Superior L 0,138 0,71 1 0,086 0,77 1
Occipital Superior R 0,002 0,97 1 0,424 0,51 1
Occipital Middle L 0,544 0,46 1 0,050 0,82 1
Occipital Middle R 0,871 0,35 1 2,422 0,12 1
Occipital Inferior L 1,557 0,21 1 0,148 0,70 1
Occipital Inferior R 3,871 0,05 1 1,925 0,17 1
Fusiform L 0,096 0,76 1 0,527 0,47 1
Fusiform R 0,530 0,47 1 0,160 0,69 1
Postcentral L 0,904 0,34 1 1,135 0,29 1
Postcentral R 0,038 0,84 1 0,019 0,89 1
Parietal Superior L 0,200 0,65 1 0,005 0,94 1
Parietal Superior R 0,892 0,34 1 0,798 0,37 1
Parietal Inferior L 0,439 0,51 1 2,830 0,09 1
Parietal Inferior R 0,015 0,90 1 0,212 0,65 1
Supramarginal L 1,366 0,24 1 1,002 0,32 1
Supramarginal R 0,325 0,57 1 0,360 0,55 1
Angular L 0,001 0,98 1 0,220 0,64 1
Angular R 0,051 0,82 1 0,079 0,78 1
Precuneus L 0,172 0,68 1 0,284 0,59 1
Precuneus R 0,422 0,52 1 0,150 0,70 1
Paracentral Lobule L 4,637 0,03 1 5,967 0,01 1
Paracentral Lobule R 0,059 0,81 1 0,014 0,91 1
Caudate L 0,046 0,83 1 0,052 0,82 1
Caudate R 1,423 0,23 1 3,380 0,07 1
Putamen L 1,964 0,16 1 0,495 0,48 1
Putamen R 0,495 0,48 1 0,272 0,60 1
Pallidum L 2,159 0,14 1 0,085 0,77 1
Pallidum R 0,393 0,53 1 0,124 0,72 1
Thalamus L 1,310 0,25 1 0,201 0,65 1
Thalamus R 0,006 0,94 1 0,029 0,87 1
Heschl L 0,169 0,68 1 0,565 0,45 1
Heschl R 0,301 0,58 1 0,495 0,48 1
Temporal Superior L 0,007 0,93 1 0,146 0,70 1
Temporal Superior R 0,829 0,36 1 5,862 0,02 1
Temporal Pole Superior L 0,209 0,65 1 0,002 0,97 1
Temporal Pole Superior R 0,325 0,57 1 0,098 0,75 1
Temporal Middle L 0,936 0,33 1 0,023 0,88 1
Temporal Middle R 2,921 0,09 1 1,289 0,26 1
Temporal Pole Middle L 0,173 0,68 1 0,075 0,78 1
Temporal Pole Middle R 0,259 0,61 1 0,015 0,90 1
Temporal Inferior L 2,009 0,16 1 0,002 0,96 1
Temporal Inferior R 0,114 0,74 1 0,874 0,35 1
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Table 13: Interaction between conditions and change in local effi ciency (T1-T0) in the 
model of Psychotic Experiences and MADRS total (score at T1, corrected for T0). The χ2, 
uncorrected p-values and Bonferroni corrected p-values (for 900 tests) are provided per 
region of interest. L=left, R=right. 

Psychotic Experiences MADRS total

Region of interest χ2 p-value p-value
corr. χ2 p-value p-value

corr.
Precentral L 0,369 0,54 1 5,367 0,02 1
Precentral R 0,063 0,80 1 0,279 0,60 1
Frontal Superior L 0,359 0,55 1 2,255 0,13 1
Frontal Superior R 4,727 0,03 1 1,669 0,20 1
Superior frontal, orbital part L 0,012 0,91 1 0,022 0,88 1
Superior frontal, orbital part R 1,293 0,26 1 5,200 0,02 1
Frontal Middle L 0,269 0,60 1 4,191 0,04 1
Frontal Middle R 0,030 0,86 1 0,995 0,32 1
Frontal Middle, orbital part L 0,007 0,93 1 1,889 0,17 1
Frontal Middle, orbital part R 1,147 0,28 1 0,708 0,40 1
Frontal Inferior, pars opercularis L 0,631 0,43 1 0,965 0,33 1
Frontal Inferior, pars opercularis R 0,845 0,36 1 1,002 0,32 1
Frontal Inferior, pars triangularis L 4,016 0,05 1 2,033 0,15 1
Frontal Inferior, pars triangularis R 6,237 0,01 1 0,269 0,60 1
Frontal Inferior, pars orbitalis L 0,056 0,81 1 0,176 0,67 1
Frontal Inferior, pars orbitalis R 0,358 0,55 1 1,807 0,18 1
Rolandic Operculum L 0,518 0,47 1 0,114 0,74 1
Rolandic Operculum R 0,062 0,80 1 0,005 0,95 1
Supplementary Motor Area L 3,409 0,06 1 3,498 0,06 1
Supplementary Motor Area R 3,265 0,07 1 1,089 0,30 1
Olfactory cortex L 0,508 0,48 1 1,717 0,19 1
Olfactory cortex R 0,031 0,86 1 1,178 0,28 1
Frontal Superior Medial L 0,147 0,70 1 0,060 0,81 1
Frontal Superior Medial R 8,862 0,00 0,26 1,243 0,26 1
Frontal Medial Orbito L 0,396 0,53 1 0,489 0,48 1
Frontal Medial Orbito R 12,246 0,00 0,04 0,038 0,85 1
Rectus L 0,531 0,47 1 0,569 0,45 1
Rectus R 1,561 0,21 1 6,856 0,01 0,80
Insula L 0,011 0,92 1 0,000 0,99 1
Insula R 0,001 0,97 1 0,679 0,41 1
Cingulum Anterior L 4,128 0,04 1 0,327 0,57 1
Cingulum Anterior R 5,227 0,02 1 0,322 0,57 1
Cingulum Middle L 0,126 0,72 1 1,008 0,32 1
Cingulum Middle R 1,133 0,29 1 2,833 0,09 1
Cingulum Posterior L 0,180 0,67 1 2,982 0,08 1
Cingulum Posterior R 0,235 0,63 1 0,780 0,38 1
Hippocampus L 0,007 0,93 1 0,491 0,48 1
Hippocampus R 0,420 0,52 1 1,766 0,18 1
ParaHippocampal L 1,639 0,20 1 0,028 0,87 1
ParaHippocampal R 0,026 0,87 1 3,296 0,07 1
Amygdala L 0,898 0,34 1 0,013 0,91 1
Amygdala R 0,025 0,87 1 2,190 0,14 1
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Region of interest χ2 p-value p-value
corr. χ2 p-value p-value

corr.
Calcarine L 0,887 0,35 1 1,956 0,16 1
Calcarine R 0,007 0,93 1 0,228 0,63 1
Cuneus L 8,562 0,00 0,31 8,456 0,00 0,33
Cuneus R 0,010 0,92 1 1,121 0,29 1
Lingual L 0,093 0,76 1 0,350 0,55 1
Lingual R 0,006 0,94 1 0,176 0,68 1
Occipital Superior L 2,052 0,15 1 6,562 0,01 0,94
Occipital Superior R 0,044 0,83 1 4,314 0,04 1
Occipital Middle L 2,996 0,08 1 1,317 0,25 1
Occipital Middle R 0,764 0,38 1 3,583 0,06 1
Occipital Inferior L 6,396 0,01 1 1,506 0,22 1
Occipital Inferior R 0,309 0,58 1 4,646 0,03 1
Fusiform L 0,013 0,91 1 0,786 0,38 1
Fusiform R 1,066 0,30 1 1,537 0,21 1
Postcentral L 3,751 0,05 1 0,472 0,49 1
Postcentral R 0,782 0,38 1 2,286 0,13 1
Parietal Superior L 0,444 0,50 1 0,044 0,83 1
Parietal Superior R 0,589 0,44 1 1,792 0,18 1
Parietal Inferior L 1,815 0,18 1 0,819 0,37 1
Parietal Inferior R 1,212 0,27 1 0,004 0,95 1
Supramarginal L 1,356 0,24 1 1,762 0,18 1
Supramarginal R 0,057 0,81 1 3,203 0,07 1
Angular L 0,866 0,35 1 0,001 0,97 1
Angular R 1,243 0,26 1 0,026 0,87 1
Precuneus L 0,327 0,57 1 1,366 0,24 1
Precuneus R 0,211 0,65 1 1,033 0,31 1
Paracentral Lobule L 0,165 0,68 1 1,340 0,25 1
Paracentral Lobule R 1,297 0,25 1 1,783 0,18 1
Caudate L 0,872 0,35 1 2,239 0,13 1
Caudate R 0,216 0,64 1 3,147 0,08 1
Putamen L 0,615 0,43 1 0,097 0,76 1
Putamen R 0,480 0,49 1 0,399 0,53 1
Pallidum L 0,535 0,46 1 1,274 0,26 1
Pallidum R 1,486 0,22 1 1,369 0,24 1
Thalamus L 0,713 0,40 1 0,031 0,86 1
Thalamus R 1,223 0,27 1 0,479 0,49 1
Heschl L 4,998 0,03 1 0,603 0,44 1
Heschl R 1,040 0,31 1 0,794 0,37 1
Temporal Superior L 0,849 0,36 1 0,050 0,82 1
Temporal Superior R 0,016 0,90 1 0,519 0,47 1
Temporal Pole Superior L 0,119 0,73 1 0,001 0,97 1
Temporal Pole Superior R 0,028 0,87 1 0,244 0,62 1
Temporal Middle L 0,067 0,80 1 0,025 0,87 1
Temporal Middle R 0,241 0,62 1 2,290 0,13 1
Temporal Pole Middle L 0,426 0,51 1 0,124 0,72 1
Temporal Pole Middle R 0,051 0,82 1 3,032 0,08 1
Temporal Inferior L 0,330 0,57 1 0,986 0,32 1
Temporal Inferior R 0,021 0,88 1 0,815 0,37 1



Chapter 6

206

Table 14: Interaction between conditions and change in clustering coeffi cient (T1-T0) in 
the model of Psychotic Experiences and MADRS total (score at T1, corrected for T0). The 
χ2, uncorrected p-values and Bonferroni corrected p-values (for 900 tests) are provided 
per region of interest. L=left, R=right. 

Psychotic Experiences MADRS total

Region of interest χ2 p-value p-value
corr. χ2 p-value p-value

corr.
Precentral L 0,124 0,73 1 2,971 0,08 1
Precentral R 0,209 0,65 1 0,000 0,99 1
Frontal Superior L 0,192 0,66 1 1,508 0,22 1
Frontal Superior R 4,170 0,04 1 1,184 0,28 1
Superior frontal, orbital part L 0,222 0,64 1 0,007 0,93 1
Superior frontal, orbital part R 1,207 0,27 1 5,129 0,02 1
Frontal Middle L 0,167 0,68 1 4,280 0,04 1
Frontal Middle R 0,036 0,85 1 0,472 0,49 1
Frontal Middle, orbital part L 0,003 0,96 1 2,806 0,09 1
Frontal Middle, orbital part R 0,657 0,42 1 0,533 0,47 1
Frontal Inferior, pars opercularis L 0,279 0,60 1 1,349 0,25 1
Frontal Inferior, pars opercularis R 0,985 0,32 1 0,956 0,33 1
Frontal Inferior, pars triangularis L 3,731 0,05 1 2,479 0,12 1
Frontal Inferior, pars triangularis R 6,231 0,01 1 0,290 0,59 1
Frontal Inferior, pars orbitalis L 0,169 0,68 1 0,244 0,62 1
Frontal Inferior, pars orbitalis R 0,427 0,51 1 1,210 0,27 1
Rolandic Operculum L 1,382 0,24 1 1,527 0,22 1
Rolandic Operculum R 0,163 0,69 1 0,048 0,83 1
Supplementary Motor Area L 3,710 0,05 1 2,683 0,10 1
Supplementary Motor Area R 3,781 0,05 1 0,661 0,42 1
Olfactory cortex L 0,350 0,55 1 1,064 0,30 1
Olfactory cortex R 0,004 0,95 1 0,392 0,53 1
Frontal Superior Medial L 0,008 0,93 1 0,007 0,94 1
Frontal Superior Medial R 7,291 0,01 0,62 0,690 0,41 1
Frontal Medial Orbito L 0,169 0,68 1 0,221 0,64 1
Frontal Medial Orbito R 7,131 0,01 0,68 0,214 0,64 1
Rectus L 0,563 0,45 1 0,498 0,48 1
Rectus R 1,234 0,27 1 4,613 0,03 1
Insula L 0,317 0,57 1 0,031 0,86 1
Insula R 0,003 0,96 1 0,175 0,68 1
Cingulum Anterior L 2,980 0,08 1 1,225 0,27 1
Cingulum Anterior R 3,079 0,08 1 0,055 0,82 1
Cingulum Middle L 1,680 0,19 1 1,268 0,26 1
Cingulum Middle R 1,216 0,27 1 2,840 0,09 1
Cingulum Posterior L 0,039 0,84 1 2,853 0,09 1
Cingulum Posterior R 0,006 0,94 1 0,630 0,43 1
Hippocampus L 0,228 0,63 1 0,364 0,55 1
Hippocampus R 0,262 0,61 1 1,289 0,26 1
ParaHippocampal L 0,889 0,35 1 0,016 0,90 1
ParaHippocampal R 0,001 0,97 1 3,982 0,05 1
Amygdala L 1,008 0,32 1 0,006 0,94 1
Amygdala R 0,000 1,00 1 1,434 0,23 1
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Region of interest χ2 p-value p-value
corr. χ2 p-value p-value

corr.
Calcarine L 0,925 0,34 1 1,887 0,17 1
Calcarine R 0,000 0,99 1 0,409 0,52 1
Cuneus L 1,157 0,00 0,06 8,896 0,00 0,26
Cuneus R 0,048 0,83 1 1,169 0,28 1
Lingual L 0,052 0,82 1 0,371 0,54 1
Lingual R 0,027 0,87 1 0,234 0,63 1
Occipital Superior L 1,676 0,20 1 6,729 0,01 0,85
Occipital Superior R 0,000 1,00 1 3,947 0,05 1
Occipital Middle L 2,736 0,10 1 1,778 0,18 1
Occipital Middle R 1,214 0,27 1 4,243 0,04 1
Occipital Inferior L 4,381 0,04 1 2,162 0,14 1
Occipital Inferior R 0,020 0,89 1 2,324 0,13 1
Fusiform L 0,000 1,00 1 1,404 0,24 1
Fusiform R 0,968 0,33 1 1,415 0,23 1
Postcentral L 2,649 0,10 1 1,053 0,30 1
Postcentral R 0,414 0,52 1 2,199 0,14 1
Parietal Superior L 0,001 0,97 1 0,163 0,69 1
Parietal Superior R 0,627 0,43 1 2,137 0,14 1
Parietal Inferior L 0,632 0,43 1 0,302 0,58 1
Parietal Inferior R 0,998 0,32 1 0,066 0,80 1
Supramarginal L 1,084 0,30 1 0,107 0,74 1
Supramarginal R 0,178 0,67 1 1,794 0,18 1
Angular L 0,247 0,62 1 0,562 0,45 1
Angular R 2,158 0,14 1 0,027 0,87 1
Precuneus L 0,024 0,88 1 1,317 0,25 1
Precuneus R 0,143 0,70 1 0,865 0,35 1
Paracentral Lobule L 0,004 0,95 1 0,721 0,40 1
Paracentral Lobule R 1,575 0,21 1 0,739 0,39 1
Caudate L 0,789 0,37 1 1,931 0,16 1
Caudate R 0,086 0,77 1 2,670 0,10 1
Putamen L 0,226 0,63 1 0,030 0,86 1
Putamen R 0,209 0,65 1 0,203 0,65 1
Pallidum L 0,025 0,87 1 1,404 0,24 1
Pallidum R 0,423 0,52 1 0,518 0,47 1
Thalamus L 0,436 0,51 1 0,044 0,83 1
Thalamus R 1,087 0,30 1 0,158 0,69 1
Heschl L 3,345 0,07 1 0,604 0,44 1
Heschl R 0,242 0,62 1 0,440 0,51 1
Temporal Superior L 0,265 0,61 1 0,019 0,89 1
Temporal Superior R 0,152 0,70 1 1,165 0,28 1
Temporal Pole Superior L 0,197 0,66 1 0,032 0,86 1
Temporal Pole Superior R 0,003 0,95 1 0,111 0,74 1
Temporal Middle L 0,230 0,63 1 0,005 0,94 1
Temporal Middle R 0,229 0,63 1 1,167 0,28 1
Temporal Pole Middle L 0,036 0,85 1 0,017 0,90 1
Temporal Pole Middle R 0,416 0,52 1 1,373 0,24 1
Temporal Inferior L 0,268 0,60 1 1,298 0,25 1
Temporal Inferior R 0,076 0,78 1 0,548 0,46 1
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Table 15: Interactionbetween conditions and change in local effi ciency and clustering 
coeffi cient (T1-T0) in the model of ESM Negative Affect (score at T1, corrected for 
T0). The χ2, uncorrected p-values and Bonferroni corrected p-values (for 900 tests) are 
provided per region of interest. L=left, R=right. 

Local effi ciency Clustering coeffi cient

Region of interest χ2 p-value p-value
corr. χ2 p-value p-value

corr.
Precentral L 1,19 0,27 1 1,31 0,25 1
Precentral R 6,15 0,01 1 3,87 0,05 1
Frontal Superior L 7,32 0,01 1 12,06 0,0005 0,46
Frontal Superior R 7,58 0,01 1 7,44 0,01 1
Sup. frontal, orbital L 3,82 0,05 1 9,01 0,00 1
Sup. frontal, orbital R 0,33 0,57 1 0,11 0,73 1
Frontal Middle L 0,39 0,53 1 1,04 0,31 1
Frontal Middle R 4,38 0,04 1 10,05 0,00 1
Frontal Middle, Orb. L 2,34 0,13 1 3,11 0,08 1
Frontal Middle, Orb. R 0,11 0,74 1 0,09 0,76 1
Frontal Inf, oper. L 1,54 0,21 1 1,29 0,26 1
Frontal Inf, oper. R 0,22 0,64 1 0,04 0,84 1
Frontal Inf, triang. L 1,68 0,19 1 2,46 0,12 1
Frontal Inf, triang. R 7,64 0,01 1 5,95 0,01 1
Frontal Inf, orbitalis L 0,74 0,39 1 0,11 0,74 1
Frontal Inf, orbitalis R 0,31 0,58 1 1,99 0,16 1
Rolandic Operculum L 1,61 0,21 1 2,97 0,08 1
Rolandic Operculum R 3,49 0,06 1 4,66 0,03 1
Supple. Motor Area L 2,89 0,09 1 4,83 0,03 1
Supple. Motor Area R 3,50 0,06 1 6,11 0,01 1
Olfactory cortex L 9,35 0,002 1 9,37 0,00 1
Olfactory cortex R 3,36 0,07 1 3,59 0,06 1
Frontal Sup. Medial L 8,71 0,003 1 18,15 <0.00001 0,02
Frontal Sup. Medial R 8,56 0,003 1 4,50 0,03 1
Frontal Med. Orbito L 1,74 0,19 1 1,89 0,17 1
Frontal Med. Orbito R 5,91 0,02 1 1,87 0,17 1
Rectus L 3,84 0,05 1 8,37 0,004 1
Rectus R 0,76 0,38 1 0,53 0,47 1
Insula L 0,51 0,48 1 0,55 0,46 1
Insula R 6,22 0,01 1 8,69 0,003 1
Cingulum Anterior L 3,82 0,05 1 5,37 0,02 1
Cingulum Anterior R 24,99 <0.00001 0,0005 14,43 0,0001 0,13
Cingulum Middle L 1,36 0,24 1 0,02 0,89 1
Cingulum Middle R 8,88 0,00 1 6,00 0,01 1
Cingulum Posterior L 0,00 0,98 1 0,05 0,82 1
Cingulum Posterior R 0,07 0,80 1 0,00 0,97 1
Hippocampus L 5,57 0,02 1 6,86 0,01 1
Hippocampus R 2,28 0,13 1 3,02 0,08 1
ParaHippocampal L 23,30 <0.00001 0,001 40,76 <0.00001 0,0000002
ParaHippocampal R 2,07 0,15 1 3,35 0,07 1
Amygdala L 1,49 0,22 1 3,93 0,05 1
Amygdala R 3,82 0,05 1 7,43 0,01 1
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Region of interest χ2 p-value p-value
corr. χ2 p-value p-value

corr.
Calcarine L 6,31 0,01 1 7,01 0,01 1
Calcarine R 3,45 0,06 1 3,76 0,05 1
Cuneus L 6,33 0,01 1 5,70 0,02 1
Cuneus R 0,07 0,80 1 0,00 1,00 1
Lingual L 8,24 0,00 1 8,45 0,004 1
Lingual R 2,99 0,08 1 6,47 0,01 1
Occipital Superior L 4,61 0,03 1 3,76 0,05 1
Occipital Superior R 0,05 0,82 1 0,03 0,86 1
Occipital Middle L 7,04 0,01 1 7,27 0,01 1
Occipital Middle R 0,03 0,87 1 0,08 0,77 1
Occipital Inferior L 6,96 0,01 1 6,06 0,01 1
Occipital Inferior R 3,32 0,07 1 1,70 0,19 1
Fusiform L 2,42 0,12 1 3,50 0,06 1
Fusiform R 8,92 0,003 1 13,27 0,0003 0,24
Postcentral L 13,53 0,0002 0,21 13,50 0,0002 0,21
Postcentral R 4,25 0,04 1 4,36 0,04 1
Parietal Superior L 2,93 0,09 1 0,11 0,74 1
Parietal Superior R 0,86 0,36 1 0,26 0,61 1
Parietal Inferior L 9,73 0,00 1 11,86 0,0006 0,52
Parietal Inferior R 6,91 0,01 1 6,49 0,01 1
Supramarginal L 0,14 0,71 1 0,29 0,59 1
Supramarginal R 2,60 0,11 1 1,39 0,24 1
Angular L 27,28 <0.00001 0,0002 22,21 <0.00001 0,002
Angular R 11,60 0,0007 0,59 3,99 0,05 1
Precuneus L 0,24 0,63 1 0,31 0,57 1
Precuneus R 2,08 0,15 1 2,09 0,15 1
Paracentral Lobule L 0,07 0,79 1 0,03 0,87 1
Paracentral Lobule R 15,72 <0.00001 0,07 20,50 <0.00001 0,005
Caudate L 14,20 0,0002 0,15 18,29 <0.00001 0,02
Caudate R 1,00 0,32 1 0,49 0,49 1
Putamen L 3,46 0,06 1 4,14 0,04 1
Putamen R 2,30 0,13 1 1,95 0,16 1
Pallidum L 8,32 0,00 1 10,16 0,00 1
Pallidum R 6,24 0,01 1 6,49 0,01 1
Thalamus L 3,97 0,05 1 4,50 0,03 1
Thalamus R 1,15 0,28 1 0,72 0,40 1
Heschl L 7,61 0,01 1 5,69 0,02 1
Heschl R 3,25 0,07 1 5,96 0,01 1
Temporal Superior L 0,94 0,33 1 1,59 0,21 1
Temporal Superior R 1,50 0,22 1 1,57 0,21 1
Temporal Pole Sup. L 1,03 0,31 1 0,84 0,36 1
Temporal Pole Sup. R 3,48 0,06 1 0,27 0,61 1
Temporal Middle L 0,14 0,71 1 0,70 0,40 1
Temporal Middle R 0,00 1,00 1 0,29 0,59 1
Temporal Pole Mid. L 4,74 0,03 1 5,65 0,02 1
Temporal Pole Mid. R 4,45 0,03 1 5,56 0,02 1
Temporal Inferior L 1,47 0,23 1 6,41 0,01 1
Temporal Inferior R 0,09 0,76 1 1,13 0,29 1
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This thesis examined cerebral pathways to understand psychological 
mechanisms that are thought to underlie the expression of psychosis across 
its spectrum of severity. The main focus was on structural white matter 
alterations in patients with psychotic disorder, their healthy siblings and 
youngsters with mild subclinical expression of psychopathology. Diffusion 
Weighted Imaging (DWI) technology was used to investigate white matter 
in-vivo in order to study group differences, but also within-group effects of 
an intervention, i.e., daily life Acceptance and Commitment Therapy (ACT) 
for individuals with subclinical psychopathology. Furthermore, reward 
anticipation in the subclinical sample was studied using functional Magnetic 
Resonance Imaging (fMRI). The thesis thus covers two subgroups at the 
extremes of the psychosis spectrum. 

This discussion aims at interpreting the fi ndings from the studies presented 
in the thesis and exploring the wider context of the neurobiological 
changes associated with the psychosis spectrum. It also provides some 
suggestions for further research that may be conducted to further elucidate 
the main research questions formulated in this thesis, in the light of the 
results reported here.

Psychosis spectrum
Diagnostic systems in psychotic disorder
The Diagnostic and Statistical Manual of mental disorders (DSM) has 
been in place since 1952 and DSM-5 is currently widely used in clinical 
psychiatric practice (2). While this system provides a well-defi ned 
diagnosis based on several clearly defi ned criteria, the DSM has some 
shortcomings. For example, a clinician can follow a certain protocol and 
diagnose a broken collarbone, based on clear criteria. The outcome is 
dichotomous and unambiguous in most cases. In psychiatry, a diagnosis 
is based on clinical observations resulting in establishing the presence of 
one or more symptom as described in the DSM. Such an observation is 
subjective and has been found to be not very reliable in routine practice. 
Given that adding up a number of symptoms automatically leads to a 
diagnosis, a patient will likely receive treatment if the number of symptoms 
is high enough. However, the use of cumulative symptoms counts up to an 
arbitrary binary cut-off is risky as it may result in both under-treatment 
(in the non-diagnosed) and overtreatment (in the diagnosed). In fact, it 
has been noted that impairment and needs in psychotic disorder can be 
best considered as lying on a spectrum that are only loosely associated 
with formal diagnosis, questioning the use of arbitrary diagnostic cut-offs 
(4). Furthermore, the DSM is based on phenomenological features that 
classify a patient into a certain diagnostic category, not dissimilar to how 
a biologist would classify certain birds in categories (6). Given that the 
causes of psychosis remain unknown, causal cerebral and other factors are 
ignored within the diagnostic system. Given growing dissatisfaction with the 
categorical DSM system, alternative approaches have been presented. For 
example, the Research Domain Criteria (RDoC) provides a more biological 
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and dimensional research framework for mental disorders (7, 8). RDoC 
aims at a novel dimensional diagnostic system based on linking aspects of 
neurobiology with aspects of behavior and cognition. While this approach 
seems promising and leaves open the domains and classes, the RDoC 
method is only semi-data driven. 

Subclinical psychotic experiences or attenuated symptoms
Youngsters in the critical phase of development during adolescence could 
have mild psychotic experiences causing distress in daily life. Research in 
stages before onset of psychotic disorder is heterogeneous because of 
different sample descriptions. Terms used are At-Risk Mental State, Ultra-
High-Risk, prodromal, subclinical psychotic experiences or attenuated 
symptoms and are based on different assessments such as Community 
Assessment of Psychic Experiences (CAPE (9)), Early Psychosis Screener 
(EPS (10)), Structured Interview for Psychosis-Risk Syndromes (SIPS (11)) 
and Comprehensive Assessment of At-Risk Mental States (CAARMS (12)). 
Consensus on the threshold for “more than normal” psychotic experiences 
still needs to be reached. This is a precise balance between labeling and 
prevention, and remains open for discussion. Labeling an adolescent as 
“abnormal” might stigmatize the person, but preventing symptoms from 
getting worse is also essential. Another option might be to use screening 
tools for detecting psychosis risk (13) and referring to professional care 
after positive screening. This may help adolescents during this phase of life 
towards healthy development. However, screening is grounded in rules to 
do with minimal parameters of sensitivity, specifi city, treatability and cost-
effectiveness, the evidence for which in the case of psychosis remains weak 
(14). Nevertheless, the approach requires further exploration in the area of 
research, as presented here.

Developmental perspective
In the development of psychotic disorder several factors play a role. 
These can be of environmental origin, such as urbanicity, cannabis use, 
or childhood trauma (15), and could also have a non-environmental 
neurodevelopmental source. This thesis studied individuals in the general 
population with mild psychotic experiences. Co-occurrence of depressive 
and anxiety-related symptoms was predictably (16), common and therefore 
this group can also be described as individuals with a broad range of 
undifferentiated mild psychopathology. It remains unknown in which 
direction the mild symptoms will develop over time and if participants will 
be diagnosed with a mental disorder eventually. Hence the sample cannot 
be described as prodromal. Follow-up of symptoms at 6 and 12 months 
after completion of the study is also part of the project. At the time of 
writing this thesis data from this follow-up were not available. It would 
be interesting to have a longer follow-up of the cohort of young people 
between 16 and 25 years of age.
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Structural white matter biomarkers 
White matter alterations in (subclinical) psychotic disorder
Cerebral white matter in humans develops with age, and white matter in 
the frontal lobe is the latest to mature (17). During brain development, 
psychotic symptoms may emerge and this may be related, in the broadest 
sense, to white matter alterations. Based on results from a structural 
white matter study in youngsters with psychotic experiences, described in 
chapter 5, it can be concluded that no alterations in Diffusion Weighted 
Imaging (DWI) parameters indicating ‘integrity’, myelination and anisotropy 
were detectable. This fi nding is in line with one study in at-risk youngsters 
(18), although increased integrity has been reported in an Ultra-High-Risk 
sample (13). When moving to the other end of the psychosis spectrum, 
white matter ‘integrity’ decrease has been consistently reported in tracts 
connecting the left frontal and temporal lobes (19). The results described in 
chapter 2 showed several alterations in the white matter of patients with 
psychotic disorder. As a follow-up on previous research in this sample (20), 
increased demyelination without axonal loss was found in patients. Since 
fractional anisotropy (FA) is too broad a marker to measure white matter 
‘integrity’, the need for other DWI parameters is paramount (see box 1 
for more information). Currently, more and more axial (AXD) and radial 
diffusivity (RAD) measures are being reported as indicators of respectively 
number of axons and demyelination within the white matter tracts. This can 
be informative, but interpretation on the underlying pathological substrate 
is challenging when not accompanied by mathematical or geometrical 
properties of the tensor (21). These tensor shape measures provide 
knowledge on white matter organization, water content, orientation and 
directional preference (22, 23). The tensor can be expressed as a linear 
(CL), planar (CP) or spherical (CS) shape, which all relate to each other. 
This relation is based on the eigenvalues from the diffusion tensor model 
expressing the magnitude of the vectors x, y and z. The geometrical tensor 
shape measures are calculated using the three eigenvalues from the 
diffusion tensor estimation model and represent specifi c shapes: 

CL = , CP =

diffusion tensor estimation model and represent specifi c shapes: 

 and CS =

diffusion tensor estimation model and represent specifi c shapes: 

. 

As shown in fi gure 1, tissue can be more or less formed towards linear, 
planar or spherical tensor shapes. Interestingly, CL was decreased in 
patients with psychotic disorder, and CP was decreased in both patients 
and siblings compared to healthy controls. This could indicate increased free 
water movement and less linear arrangement of the tensors. Since research 
in psychotic disorder with the application of the tensor shape measures 
is rather limited (24), more research is needed to further investigate the 
added value.
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Figure 1; Tensor shape measure representation via linear, planar and spherical shape 
measures. Different colors represent different structures. The measures are related to each 

other via this formula; x = 

measures. Different colors represent different structures. The measures are related to each 

; y = 1 – CL – CP.
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Network-based connectivity in (subclinical) psychotic disorder
Besides the previously described white matter tensor measures, structural 
white matter networks might provide novel information on connectivity 
using graph theory. The network-based method has been applied in 
samples with psychotic disorder showing that frontal brain regions are 
less connected to other brain parts (25-28). The study in chapter 3 
has described an absence of differences in network-based connectivity in 
patients with psychotic disorder compared to siblings and healthy controls, 
while siblings had a signifi cantly higher CC compared to patients. This 
fi nding contradicts the stated hypothesis on disconnectivity in psychotic 
disorder. Since network-based connectivity analyses depend on the used 
fi ber tractography algorithm, the applied deterministic approach might 
explain the current fi nding. It can be speculated whether probabilistic 
tractography is more precise and different algorithms could include more 
fi bers. It remains unclear if brain effi ciency is increased or decreased in 
psychotic disorder, as other studies were also inconclusive on this fi nding 
(28-31). Similarly, in individuals with subclinical psychotic symptoms, both 
increased and decreased network connectivity has been described (32-

Box 1: White matter ‘integrity’ 
White matter can be measured in-vivo using Diffusion Weighted Imaging. 
The most commonly reported measure is the Fractional Anisotropy (FA), 
a broadly defi ned white matter ‘integrity’ measure. Based on the tensor 
model the FA can be calculated with the following formula (1);

In the formula, the eigenvalues are denoted as λ. The FA is scaled and will 
range from 0 (isotropic) to 1 (anisotropic). In highly isotropic matter such 
as cerebrospinal fl uid in the lateral ventricles, there is no profound direction 
and the water molecules will show random Brownian motion. In tissue 
such as the corpus callosum the movement becomes anisotropic and more 
directed (a preferable direction along the aligning white matter tracts). 
The underlying neurobiology for FA change can be of different origins. An 
increase in FA ‘integrity’ has been related to increased number of axons 
and myelination, but could also be a result of decreased fi ber mixture (3). 
It has been shown that FA is also infl uenced by factors such as cell death, 
edema, gliosis, demyelination and increase in extracellular or intercellular 
water (5). Therefore, FA is a non-specifi c measure detecting a broad range 
of neuropathology. Related to this non-specifi city is the measurement of a 
voxel (volume element) at millimeter scale capturing several neurobiological 
processes at once while these events are happening on a micron scale. This 
results in a fairly crude summary of all the processes occurring within the 
voxel.
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35), and our own study in chapter 5 has shown absence of altered 
network-connectivity in young individuals. Nevertheless, chapter 5 also 
showed that, in the PE-group, some subclinical symptoms measures were 
positively associated with network effi ciency/cohesion in the right middle 
temporal pole (MTP), suggesting that individuals with these network 
alterations are predisposed to later psychotic symptom development or 
that these cerebral changes are reactive to emerging mild psychopathology. 
Interestingly, the results in chapter 3 showed an association between 
decreased overall LE and CC with increased SIS-r positive scores and a 
decreased overall CC was associated with increased SIS-r negative scores. 
These fi ndings may seem to contradict the regional fi ndings in the PE-
group (chapter 5), but there were no specifi c signifi cant regions with 
alterations in effi ciency or cohesion in siblings. Thus, overall effects and 
regional effects are diffi cult to directly compare and the opposite direction 
of effect in the symptom-networkconnectivity association in the clinical 
(PE-group) and in the familial risk group (siblings) may also have been 
infl uenced by methodological issues (different assessment techniques in the 
groups: interviewer-based versus self-report). Overall, the fi ndings suggest 
the presence of differential subclinical symptom-networkconnectivity 
associations in people ‘at (clinical/familial) risk’ with respect to controls.
Although the results from the study in chapter 3 did not report 
network-connectivity alterations in patients, white matter alterations 
have been reported in the same sample as described in chapter 2 and 
previously (20). The applied network-based method is however different 
from the DWI parameters FA, AXD, RAD and MD, and investigates specifi c 
network dynamics over the brain. A network-based approach, therefore, 
has a broader scope and does not examine the diffusion tensor itself, but 
the tracts. The use of a network-based analysis approach opens the door 
for multimodal imaging techniques. Resting state functional MRI (rsfMRI) 
has been applied widely in psychotic disorder to explore alterations in 
default mode network functioning (36). Integration of both structural 
and functional MRI could provide novel insights, as both techniques are 
complementary to each other. 

Clinical relevance of white matter alterations
The outcome of white matter alterations in patients with psychotic 
disorder may have clinical value in evaluating treatment effects. As described 
earlier, targeting the fronto-temporal white matter connections might be 
the best option towards restoration of cognitive functioning. If certain 
neurodevelopmental mechanisms indeed would impact myelination and if its 
contributing role in symptom formation could be established, then research 
into pharmacological and psychological training preventing myelin loss is 
necessary as such new developments may be benefi cial to patients. 
Implementation of DWI techniques in clinical practice needs to be 
considered once validity has been proven. As DWI enables better 
understanding of neurobiological mechanisms, evaluation of novel 
treatments could possibly be developed using this technique. Currently, 
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the vast majority of clinicians know that biomarkers, such as DWI, are 
unimportant in clinical decision-making. A suggestion would be to pool 
together MRI datasets and apply machine-learning techniques to discover 
how mental disorders cluster. This will be further discussed later in the 
paragraph about future directions.
Furthermore, DWI case studies can add to the development of novel 
treatment options. Via these n = 1 study designs insight into the working 
mechanisms of new medication or non-pharmacological treatments can be 
closely evaluated. This robust design conducting measurements within one 
patient with psychotic disorder may allow for response prediction at the 
individual level. This allows for better-tailored mental health care in line with 
personalized medicine, although many challenges remain (62).

Imaging as a tool to study therapeutic interventions
ACT intervention 
In order to support youngsters with mild psychopathology, an easily 
accessible, cheap and simple intervention can have benefi t in this population. 
As discussed previously, the developing brain is vulnerable and both 
structure and function can change in (bidirectional) relation to mild 
psychopathology. The RCT described in chapter 6 reports on the fi ndings 
after a six weeks Acceptance and Commitment Therapy (ACT) intervention 
in adolescents with mild psychopathology. This intervention did not show 
an effect of ACT on DWI measures or network-connectivity (possibly due 
to a fl oor effect), while it had some behavioral effects in decreasing the 
level of depressive symptoms and increasing the ESM composite score 
of subclinical psychotic experience. The fi nding of slightly increased post-
intervention ESM subclinical psychotic experience scores (suspiciousness 
and unreal feelings) in the ACT condition should be interpreted in the light 
of already low scores (non-prodromal individuals) and could have been 
the result of ACT making people more aware, critical and/or refl ective 
about themselves. There were no signifi cant interactions between the DWI 
parameters and condition in the symptom models, which may indicate that 
white matter remains preserved while depressive symptoms change as a 
result of the ACT-intervention. Alternatively, this can also be explained by 
the fact that there were very small effect sizes on the level of white matter 
plasticity.
The application of ACT in a population of adolescents with mild 
psychopathology needs further testing and fi ndings need to be replicated 
before any conclusions can be drawn, but nevertheless may contribute 
towards developing preventive intervention. Results from the Randomized 
Controlled Trial (RCT) need to be interpreted with caution because of the 
limited sample size (n=25 versus n=20): replication is essential. 

Reward anticipation
In addition to structural alterations in psychotic disorder, functional changes 
in the brain also seem to be prominent. Reward anticipation is thought 
to represent an important concept to understand dopamine dysfunction 
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in psychotic disorder (37). The neuronal basis of reward anticipation 
functioning in psychotic disorder has been investigated in a meta-analysis 
and showed hypoactivation of the ventral striatum during reward 
anticipation (38). Research in subclinical populations has shown both hypo- 
and hyperactivation of the ventral striatum while performing a reward-
anticipation task (39-42). Interestingly, the study described in chapter 
4 of this thesis provided evidence for hypoactivation in the right insula 
and right supramarginal gyrus in individuals with psychotic experiences 
whereas the activation in the ventral striatum was unchanged compared 
to healthy controls. The insula is a structure involved in motor preparation 
and selective attention and the results may possibly indicate an attention or 
stimulus evaluation shortfall. From a developmental perspective, the insula is 
an interesting brain region, since during adolescence the reward anticipation 
activation in this area tends to increase (43). Maturation of the reward 
system, and specifi cally disturbed development of frontostriatal regions, 
may impact cognitive control (44). Adolescents are known to be risk-taking, 
sensation seeking and impulsive, and have to develop balance between a 
motivational effort to do something and behavioral regulator mechanisms 
(45, 46). Several behavioral norms need to be learned and the brain 
develops until the age of 25 years, with the frontal regions maturing latest. 
The frontal brain regions are imperative for inhibition control. Therefore 
examination of fMRI reward anticipation in adolescents has added value for 
investigating a dysfunction in the reward system.

Methodological considerations 
All studies conducted within the scope of this thesis have been realized 
with extensive consideration and planning. In order to achieve a broad view 
over the psychosis spectrum, two distinct groups with various symptoms 
have been examined. As explained earlier, the DSM classifi cation system 
has several drawbacks in diagnosing mental illnesses. Within the GROUP 
project, a consideration was made to use the DSM classifi cation system. 
This approach puts a person to a diagnostic group, although the underlying 
neurobiological alterations can be more complex due to what is called 
co-morbidity (i.e.. extensive differences in psychopathology of individuals 
pertaining to the same diagnostic group), illness duration, medication, 
and drug use. The Smartscan project involved participants with mild 
psychopathology as defi ned by a CAPE positive distress score ≥2 (9), 
total Montgomery–Åsberg Depression Rating Scale (MADRS) ≥10 (47). 
These inclusion criteria might be fairly mild compared to other samples 
using CAARMS or Ultra High-Risk for psychosis inclusion norms. A clear 
defi nition and consensus on the psychosis high-risk state has not been 
reached, but it creates a framework for service providers for seeking help 
from services at an early stage (48) and is different from psychometric risk 
samples derived from the general population (14).
The MRI acquisition techniques used in this thesis have their limitations. At 
the time being the protocols were created for high-quality DWI and fMRI. 
Both GROUP and Smartscan projects have an adequate number of gradient 
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directions (76 and 119 respectively) for the tensor estimation with a fairly 
high spatial resolution (49). Meanwhile several novel DWI acquisition 
techniques have been developed improving the tensor estimation 
procedure such as High Angular Resolution Diffusion Imaging (50), 
generalized Q-sampling imaging (51), Orientation Distribution Function (52) 
and Diffusion Kurtosis Imaging (53, 54). These novel acquisitions provide 
more information on white matter properties, but require longer scan 
times. 
In fMRI research, the aim is to acquire signal related to a specifi c task. 
The main point is that the signal is very noisy and several factors such as 
shimming, movement, heart rate, and respiration will distort the signal 
(55, 56). To a certain extent these noise factors can be fi ltered out or 
controlled for via advanced preprocessing of the data. Furthermore, and 
probably more worrisome, is the variation in the parameters chosen in 
the processing of fMRI data (57). A transparent and reproducible way 
of reporting (f)MRI acquisitions and processing is important for the 
neuroimaging fi eld. Studies within this thesis were reported in line with 
guidelines from the Organization for Human Brain Mapping Committee 
on Best Practice in Data Analysis and Sharing (COBIDAS) initiative (58). 
Choosing different parameters jeopardizes comparability between studies 
and even software updates could change the results from a study (59). 
Additionally, obtaining MRI data is an expensive procedure. Therefore, 
careful reporting, documentation and data sharing are important factors in 
MRI research. 
Another concern in MRI research is the power problem, particularly in 
fMRI research. The effect size can be estimated a priori to the start of an 
fMRI experiment based on previous fi ndings or via an independent pilot 
study. Commonly, group comparisons are conducted in psychiatric fMRI 
research and these can be rather low on statistical power due to small 
sample sizes (60). Within-subject experiments are relatively high-powered 
as compared to between-subject evaluations. This issue became apparent 
in a study comparing fMRI studies using standard cluster-based parametric 
tests with fairly liberal thresholds leading to family wise error rates of up 
to 60% (61). Therefore, it is important to critically choose proper statistical 
analyses methods for fMRI data. One suggestion might be to apply non-
parametric permutation testing in order to test for group differences. 
Another solution would be to gather larger data sets or pool together data 
via sharing and collaboration (see future directions below).

Directions for future research 
The fi eld of research in psychotic disorder is moving and it has been 
suggested to leave the concept of schizophrenia and use the term 
psychosis spectrum disorder instead (63). Future research should focus 
on the spectrum of psychotic disorder and assess the full range of 
symptoms related to the psychosis spectrum. Within this framework, 
early intervention can take place in order to prevent symptoms at one 
point in the spectrum from getting worse. This may prevent patients from 
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progressing to more severe disease states, becoming more chronically ill 
and treatment resistant. The spectrum approach of psychotic disorder 
allows capturing mild psychopathology in youngsters. This group ranging 
from 16 to 25 years old, in a crucial developmental phase, should be 
investigated further and arguably more frequently. The Australian Headspace 
initiative could be of great value for this specifi c group of youngsters in an 
open, supportive and accessible way (64). In Maastricht, this initiative has 
been launched as well via the @ease center for youngsters. This will help 
to detect symptoms early and provide care if needed in a user-friendly 
approach. 
As discussed earlier in the methodological considerations section, there 
is a healthy academic debate on the relative merit of MRI analyses in 
psychiatry. Especially in neuroimaging it is important to have reliable and 
replicable research since the methods allow for many options, choices and 
considerations to be made within the processing pipeline. The Findable, 
Accessible, Interoperable, Reusable (FAIR) guiding ethics are essential 
in MRI data management (65). While some argue that direct replication 
should be made a mainstream routine in science (66), a fi rst step would be 
to try and replicate previous (f)MRI research on a smaller scale. It would 
be a suggestion to integrate study replication in university education. 
This would lead to researchers complying better to FAIR guidelines 
and eventually improve neuroimaging research. The educational value of 
replication should not be underestimated. As replication does not imply 
duplication (exactly the same), there is room for improvement of methods. 
The Brain Imaging Data Structure (BIDS) standard helps to organize and 
describe MRI datasets and it is recommended to follow these standards 
(67). Openly sharing neuroimaging data helps the fi eld further and sharing 
fMRI via initiatives such as OpenfMRI (68) and NeuroVault (69) is highly 
recommended. Specifi c collaborations in the fi eld of psychotic disorder 
are the way forward by pooling data. Forthcoming research should focus 
on expanding cooperation via consortia such as ENIGMA (70) and 
SchizConnect (71).

Big data in psychotic disorder
A research approach purely based on data could advance the 
neurobiological understanding of mental disorder classifi cation. In other 
medical disciplines this data driven methodology has been developed 
as a valuable tool in clinical decision-making, such as in radiomics (72). 
The technique uses large (imaging) datasets and is able to learn from the 
provided data to predict new diagnoses in cancer research. Currently 
machine learning and deep learning techniques are being developed in 
mental health research. Psychotic disorder is a highly complex phenotype 
that may well benefi t from big data approaches shedding light on its 
complexity. Symptoms on the psychosis spectrum can vary and many 
factors (cerebral and extra-cerebral) play a role in the development of 
psychotic disorder. The application of large scale imaging data has the 
potential to gain novel insights. Applying machine learning in psychiatry 
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can be fairly accurate in classifying patients with psychotic disorder under 
certain circumstances (73) and helps individualized prediction of psychotic 
disorder (74, 75). Moreover, machine learning might have a useful application 
in supporting the diagnosis of psychotic disorder by providing additional 
information to the psychiatrist or create a data-driven classifi cation system 
(76). In order to make big data acceptable in practice, the data should be 
supportive to the mental health professional in decision-making but shall 
not replace the clinician entirely. 

Conclusion
The psychosis spectrum is emerging as a clinical diagnostic severity 
framework and there seems to be some evidence on neurobiological 
alterations at some positions within this spectrum. All the results reported 
in this thesis are tentative and require replication. 
The fMRI study of individuals with subclinical psychotic experiences showed 
that the right insula, putamen and supramarginal gyrus had decreased 
activation compared to controls, suggesting that the reward system itself 
may be intact, while brain regions related to emotional valuing, motivation 
and motor-cognitive processes are affected. 
The focus of the other studies of this of the thesis was on white matter. 
There was evidence for microstructural white matter alterations (FA, 
RAD and MD) in patients diagnosed with psychotic disorder and, in part, 
alterations in siblings of patients with respect to controls. Our work 
suggests that tensor-shape parameters may have added value in addition 
to the more traditional DWI measures. Network-based measures may 
also be useful in unraveling pathways between multiple involved regions, 
although the current work did not show alterations in network-based 
connectivity in patients and siblings from the GROUP sample. In the 
Smartscan sample, comprising individuals with mild psychopathology, there 
were neither microstructural white matter, nor network connectivity 
differences with respect to controls. However, within the PE-group, 
subclinical symptoms were positively associated with network effi ciency/
cohesion in the right middle temporal pole, suggesting that individuals that 
do have network alterations may be predisposed to psychotic symptom 
development or that these cerebral changes are reactive to emerging mild 
psychopathology. Interestingly there were signifi cant negative associations 
between overall network effi ciency/cohesion and subclinical symptoms in 
siblings, but this was not found in regions specifi cally. Finally, a psychological 
intervention (ACT) did not impact microstructural white matter or 
network connectivity over time, while behavioral changes did occur. The 
ACT intervention reduced subclinical depressive symptoms and increased 
psychotic experiences in daily life.
Overall, much work remains to be done in order to (i) fi rmly replicate, (ii) 
further elucidate and (iii) clinically validate these fi ndings. In conclusion, 
research in the early phases of the psychosis spectrum remains important. 
In order to better understand the neurobiological underpinnings of the 
psychosis spectrum, and their clinical relevance, there is road work ahead.
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Summary  

Research on the cerebral pathways to better understand the psychological 
mechanisms underlying expression within the psychosis spectrum has 
shown structural white matter alterations in patients with psychotic 
disorder and their siblings. In part, this is also observed in individuals with 
subclinical psychotic experiences. This thesis, entitled “Road work ahead: 
Cerebral pathways mediating psychological mechanisms underlying the 
psychosis spectrum”, examines white matter alterations linked to psychotic 
symptoms in two samples with psychometric expression within the 
psychosis spectrum. 

The work presented in this thesis starts with a general introduction, 
chapter 1. First, it provides an overview of the concept of psychosis 
spectrum disorder explaining how this mental disorder develops, how its 
symptoms develop and the role of genetic vulnerability. In order to better 
understand the neurobiological pathways related to psychotic disorder, MRI 
can be used to quantify white matter alterations. This fi ts the framework 

known as the disconnectivity hypothesis of psychotic disorder, in which 
especially demyelination is thought to play a key role. 

In chapter 2, the details of structural disconnectivity are researched in 
patients with psychotic disorder, their siblings and controls. In order to 
better understand what white matter ‘integrity’ decrease in psychotic 
disorder may mean, geometrical tensor shape parameters were explored. 
This novel approach showed increased radial diffusivity, possibly indicating 
that mainly the myelin is affected in psychotic disorder. The linearity of the 
tensor was lower in patients compared to controls, suggesting less oriented 
fi bers, which might indicate altered information transfer. In parallel, siblings 

also showed decreased fi ber orientation, which could indicate alterations 

related to familial risk and possibly endophenotypic status. 

In addition to the study that described structural disconnectivity by using 
white matter DTI parameters, the study in chapter 3 explored tthe value 
of network-based connectivity indices in relation to (vulnerability for) 
psychotic disorder. The fi ndings in patients with psychotic disorder and 

their siblings indicated an absence of structural network-based connectivity 
alterations. This null fi nding was unexpected, as there is literature suggesting 

the existence of network alterations in psychotic disorder. Another 
explanation may be that the approach used to study the structural brain 
network was too broad. The network was fairly extensive, covering the 
entire brain, and may still contain regions with higher connectivity and 
lower connectivity. Findings may therefore have been diluted. Specifi cally 

in the siblings, a signifi cant overall decrease in network effi ciency and 

clustering was associated with increased positive symptom scores and 
an overall decrease in clustering was associated with increased negative 
symptom scores. These differential symptom-networkconnectivity 
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associations in siblings and controls, may indicate psychosis vulnerability in 
the sibling group. 

The second part of the thesis involves a sampling frame of individuals 
with subclinical psychotic experiences. In chapter 4, a study is described 
that used functional MRI to inspect brain activation related to reward 
anticipation. This concept has been researched extensively in psychotic 
disorder and taps into dopamine alterations that have been related to 
psychotic illness. The reward system requires dopamine to function 
properly and the alterations associated with psychosis appear to affect 
the anticipation of reward. This concept has been investigated using the 
Monetary Incentive Delay task in which young adults had to try and gain 
money by responding correctly. It was shown that the group with subclinical 
psychotic experiences performed equally well on the task as compared to 
healthy controls, but the level of activation was decreased. fMRI showed 
specifi cally that the right insula, putamen and supramarginal gyrus had 

decreased activation in the subclinical group compared to controls. 
Therefore, it seems that the reward system itself may be intact, while 
brain regions related to emotional valuing, motivation and motor-cognitive 
processes are affected. It can be speculated that regions outside the reward 
system are incorrectly processing reward anticipation information.

In line with research on patients with psychotic disorder, as described 
in the chapters 2 and 3, chapter 5 examined structural white matter 
microstructure and network connectivity alterations in individuals with 
subclinical symptoms. Research in young adults ranging from 16 to 25 years 
in age is important, since brain development is ongoing and the majority of 
mental disorders emerge during this phase. The results indicated an absence 
of white matter differences between individuals with mild psychopathology 
and controls, but showed an association between subclinical psychotic 
experiences and white matter network connectivity. An increased effi ciency 

and clustering in the right middle temporal pole was positively associated 
with positive symptom distress scores in the PE-group. This may indicate 
that individuals with white matter network alterations may be predisposed 
to the development of psychotic phenomena. While this is a fi rst indication 

of brain alterations linked to subclinical psychotic experiences, the 
participants in the sample had very low symptom levels and replication is 
required.

Chapter 6 described a Randomised Controlled Trial (RCT) in which 
the effect of six weeks Acceptance and Commitment Therapy (ACT) on 
subclinical psychotic symptoms and white matter was investigated. It is 
important to provide young adolescents with support in an early stage of 
psychopathology symptom development. ACT can be an easily accessible 
and inexpensive preventive intervention for this group of people. Since this 
study for the fi rst time tried to link white matter alterations to ACT, most 

analyses were explorative. The results showed that subclinical depressive
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symptoms were decreased and the combined items ‘mood suspicious’ and 
‘feeling unreal’ were slightly increased after the ACT intervention. This 
could indicate that participants in the ACT condition became more aware 
of their environment. The ACT intervention did not infl uence structural 

white matter or network connectivity change over time, and there were no 
signifi cant associations between white matter change and symptom change 

over time. The study showed that behavioral changes occur in emerging 
adults, while the structural white matter confi guration remains intact (or 

changes cannot be detected) as a result of the ACT intervention.

Lastly, in chapter 7, the fi ndings from the studies are discussed and placed 

in the context of research across the psychosis spectrum. The clinical 
relevance of this research and ideas for future directions are discussed. 
While diffusion weighted imaging techniques have been developed as a 
useful clinical tool for understanding cerebral pathways, there still is much 
work ahead on the research road. 
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Onderzoek naar hersenverbindingen, welke kunnen zorgen voor het 
beter begrijpen van psychologische mechanismen onderliggend aan de 
expressie binnen het psychose spectrum, heeft structurele witte stof 
veranderingen in patiënten met psychotische stoornis en hun broers/zussen 
aangetoond. Gedeeltelijk is deze bevinding ook aangetoond bij individuen 
met subklinische psychotische ervaringen. Deze thesis, met de titel “Road 
work ahead: Cerebral pathways mediating psychological mechanisms underlying 
the psychosis spectrum”, onderzoekt de link tussen witte stof afwijkingen en 
psychotische symptomen in twee steekproeven met psychometrische uiting 
van psychose binnen het psychose spectrum.

Het werk gepresenteerd in deze thesis begint met een algemene 
introductie, hoofdstuk 1. Allereerst wordt een overzicht gegeven van 
het begrip psychose spectrum stoornis door uit te leggen hoe deze 
mentale ziekte zich ontwikkeld, hoe symptomen ontstaan en wat de rol 
van genetische kwetsbaarheid is. Om de neurobiologische verbindingen 
gerelateerd aan psychotische stoornis beter te begrijpen, worden MRI-
scans gebruikt voor het kwantifi ceren van witte stof afwijkingen. Dit past 

in het kader van de ‘disconnectivity’ (loskoppeling) veronderstelling binnen 
psychotische stoornissen waarin specifi ek de afname van myeline een 

belangrijke rol lijkt te spelen.

In hoofdstuk 2 worden de details van structurele disconnectivity 
onderzocht bij patiënten met een psychotische stoornis, hun broers/zussen 
en controles. Om beter te begrijpen wat witte stof ‘integriteit’ afname in 
psychotische stoornissen zouden kunnen betekenen, zijn geometrische 
tensor vorm parameters onderzocht. Deze nieuwe aanpak heeft een 
toename in radiale diffusiviteit aangetoond, wat mogelijk zou kunnen 
duiden op een afwijking in de myeline door een psychotische stoornis. 
De rechtlijnigheid van de tensor was verlaagd bij patiënten vergeleken 
met controles. Dit suggereert minder georiënteerde vezels en kan een 
indicatie zijn voor gewijzigde informatieoverdracht. Tegelijkertijd toonden 
broers en zussen ook verlaagde vezel oriëntatie, wat zou kunnen duiden 
op veranderingen gerelateerd aan familiaal risico en mogelijk de endofeno-
typische status.

Naast de studie die structurele disconnectivity beschrijft met behulp van 
witte stof DTI-parameters, onderzocht de studie in hoofdstuk 3 de 
waarde van op netwerk gebaseerde verbindingsindices bij (kwetsbaarheid 
voor) psychotische stoornis. De bevindingen bij patiënten met psychotische 
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stoornis en broers/zussen laten een afwezigheid zien van veranderingen in 
structurele netwerk verbindingsindices. Deze nul-bevinding was onverwacht, 
omdat er literatuur is waarin de netwerkveranderingen in psychotische 
stoornissen worden gesuggereerd. Het zou verder kunnen zijn dat de 
structurele netwerk aanpak wellicht te breed was. Het netwerk was 
behoorlijk uitgebreid, het gehele brein omvattend, en zou regio’s kunnen 
bevatten met hogere en lagere verbindingssterktes. Hierdoor kan het zijn 
dat bevindingen vertroebeld waren. Specifi ek bij de broers/zussen is er 

een relatie tussen een algemene afname van de netwerk effectiviteit en 
clustering met een toename in positieve symptoom scores aangetoond. 
Ook is er een relatie tussen een algemene afname van de netwerk 
clustering met een toename van negatieve symptoom scores gerapporteerd. 
Dit kan een indicatie zijn voor psychose kwetsbaarheid in deze groep van 
broers/zussen. 

Het tweede deel van deze thesis kijkt naar een steekproef van personen 
met subklinische psychotische ervaringen. In hoofdstuk 4 is een studie 
omschreven waarin functionele MRI is gebruikt voor het onderzoeken 
van hersenactivatie gerelateerd aan het verwachten van beloning. Deze 
opvatting is uitgebreid onderzocht bij patiënten met een psychotische 
stoornis en kijkt naar dopamine (een neurotransmitter in het brein) 
veranderingen, welke verband houden met psychotische ziekte. Het 
beloningssysteem heeft dopamine nodig om goed te kunnen functioneren 
en de veranderingen in relatie met psychose lijken de verwachting van 
beloning te beïnvloeden. Dit concept is onderzocht met behulp van de 
Monetaire Stimulans Vertragingstaak (Monetary Incentive Delay task), waarbij 
jongvolwassenen moesten proberen om geld te verdienen door correct te 
reageren. Er werd aangetoond dat de groep met subklinische psychotische 
ervaringen even goed presteerde in vergelijking met gezonde controles, 
maar dat de brein-activering afnam. Functionele MRI toonde specifi ek aan 

dat de rechter insula, putamen en supramarginale gyrus verminderde activatie 
hadden in de subklinische groep vergeleken met controles. Daarom zou het 
kunnen zijn dat het beloningssysteem onaangedaan is, terwijl hersenregio’s 
gerelateerd aan emotionele waardering, motivatie en motorisch-cognitieve 
processen wel worden beïnvloed. Er kan worden gespeculeerd dat regio’s 
buiten het beloningssysteem onjuiste informatie over de verwachting van 
beloning verwerken. 

In overeenstemming met onderzoek naar patiënten met psychotische 
stoornissen, zoals beschreven in de hoofdstukken 2 en 3, onderzocht 
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hoofdstuk 5 de structurele witte stof microstructuur en veranderingen 
in netwerk verbindingsindices bij personen met subklinische symptomen. 
Onderzoek bij jongvolwassenen van 16 tot 25 jaar oud is belangrijk, omdat 
de ontwikkeling van de hersenen aan de gang is en de meeste psychische 
stoornissen zich tijdens deze fase voordoen. De resultaten duiden 
op afwezigheid van witte stof verschillen tussen individuen met milde 
psychopathologie en controles, maar er is wel een verband aangetoond 
tussen subklinische psychotische ervaringen en netwerkverbindingen 
van witte stof. Een verhoogde effi ciëntie en clustering in de rechter 

middelste temporale schacht was positief geassocieerd met scores 
voor positieve symptomen in de groep met subklinische psychotische 
ervaringen. Dit kan erop duiden dat personen met veranderingen in 
witte stof netwerkverbindingen vatbaar kunnen zijn voor de ontwikkeling 
van psychotische verschijnselen. Hoewel dit een eerste indicatie is van 
hersenveranderingen gekoppeld aan subklinische ervaringen, hadden de 
deelnemers aan deze studie zeer lage symptoomniveaus en is replicatie 
vereist.

Hoofdstuk 6 beschrijft een gerandomiseerd onderzoek met controlegroep 
(een Randomised Controlled Trial (RCT)) waarin het effect van zes weken 
Acceptatie en Commitment Therapie (Acceptance and Commitment Therapy 
(ACT)) op witte stof in subklinische psychotische stoornis onderzocht is. 
Het is belangrijk om jongvolwassenen steun te geven in een vroeg stadium 
van het ontstaan van psychopathologische symptomen. ACT kan dienen als 
een gemakkelijk toegankelijke en goedkope preventieve interventie voor 
deze groep mensen. Omdat deze studie voor het eerst probeerde om witte 
stof veranderingen te koppelen aan een ACT-interventie, waren de meeste 
analyses verkennend van aard. De resultaten toonden aan dat subklinische 
depressieve symptomen waren verminderd na de ACT-interventie. De 
gecombineerde items ‘Ik voel me wantrouwig’ en ‘Ik voel me onwerkelijk’ 
lieten een kleine stijging zien na de ACT-interventie. Dit kan erop duiden 
dat deelnemers aan de ACT-interventie zich meer bewust werden van hun 
omgeving. De ACT-interventie had geen invloed op structurele witte stof of 
de verandering van netwerkverbindingen in de loop van de tijd. Tevens was 
er geen verband aangetoond tussen witte stof maten en symptomen. De 
studie toonde aan dat gedragsveranderingen optreden bij jongvolwassenen, 
terwijl de structurele samenstelling van de witte stof intact blijft (of dat 
veranderingen niet kunnen worden opgepikt).

Ten slotte worden in hoofdstuk 7 de bevindingen van de studies 
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besproken en geplaatst in de context van onderzoek binnen het psychose 
spectrum. De klinische relevantie van dit onderzoek en ideeën voor 
toekomstige richtingen worden besproken. Hoewel diffusie gewogen 
beeldvormingstechnieken zijn ontwikkeld als een nuttig klinisch hulpmiddel 
voor het begrijpen van cerebrale verbindingen, is er nog altijd veel werk te 
doen op de onderzoekswegen binnen psychotische stoornis.
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Knowledge valorisation  

Summary
Clinically relevant expression of the psychosis spectrum has an estimated 
lifetime prevalence of 3.5% in the general population (1), of which the 
diagnosis of schizophrenia accounts for the third with a relatively poor 
outcome (2). The total costs related to the poor outcome end of psychotic 
disorder are estimated at nearly €94 billion in 2010 in Europe (3). 
Expenditures are related to high treatment costs, enduring care use and 
long-standing unemployment. Symptoms in psychotic disorder can be of 
perceptual, cognitive, emotional or behavioral origin leading to persistent 
impairments in daily life. 
The overall aim of this thesis was to examine cerebral pathways in order 
to understand brain-mediated psychological mechanisms of phenotypic 
expression in the psychosis spectrum. The focus was on white matter 
connections in the brain. Both sides of the psychosis spectrum – mild 
expression below the threshold of clinical need and severe expression 
in the context of diagnosable psychotic disorder requiring treatment – 
were investigated, using sampling frames of young people with subclinical 
psychopathology and a clinical sample with diagnosed psychotic disorder. 
Although the factors implicated in disease emergence and progression 
remain unclear, beyond the general aetiological contribution of genetic and 
non-genetic factors, the hypothesis of white matter alterations in psychotic 
disorder representing cerebral ‘disconnection’ mediating risk of psychosis 
expression may be productive (4). This hypothesis is built around the notion 
of brain white matter alterations occurring in psychotic disorder and fi nds 
its origin in research focusing on the tracts that connect the cortical areas. 
This was made possible by the emergence of Magnetic Resonance Imaging 
(MRI) and especially Diffusion Weighted Imaging (DWI) techniques, creating 
unique opportunities to study hypothesized alterations in these areas. DWI 
is able to provide insights on the composition of white matter by measuring 
the ‘integrity’ of the fi ber tracts. While this term is widely used, the time has 
come to further advance this research area, using other measures to gain a 
more detailed impression of white matter alterations in psychotic disorder. 
This thesis reports, for the fi rst time, on results from an Acceptance and 
Commitment Therapy (ACT) intervention, a so-called third-generation 
psychotherapy method, in a sample with subclinical psychotic experiences. 
This intervention can be easily administered and therefore has a real 
prospect of being used in routine clinical practice in the treatment of 
very early states of psychosis. The ACT intervention additionally made 
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use of the Experience Sampling Method (ESM) to integrate exercises and 
goals in daily life. ESM is similarly available as a low cost self-monitoring 
and self-management option to assist people with subclinical psychotic 
experiences (6). Thus, the instruments underlying the (intervention) studies 
in this thesis were chosen specifi cally with a view to their possible broader 
dissemination and use in routine clinical practice, assuring easy bridging of 
the gap between research and clinical practice.

This thesis reports also on reward anticipation in a sample with subclinical 
psychotic experiences. Research on alterations of the reward system is 
important to understand the symptoms of psychosis. With the use of 
functional MRI, the reward system can be investigated in order to study 
possible alterations (5). This type of research can contribute by elucidating 
the reward-related mechanisms underlying symptoms, with the possibility of 
providing a theoretical framework for development of interventions in the 
realm of psychopharmacology or psychotherapy. 

Importance of this work
The thesis made an attempt to investigate white matter changes over 
the whole spectrum of psychosis expression and psychosis risk including 
patients, siblings of patients and a subclinical sample. While the DWI 
technique is still developing (7), the method has potential to remain and 
become a valid way to explore the disconnection hypothesis. In addition, 
DWI can be a useful instrument to investigate medication interventions and 
is able to detect changes over time. This thesis may have contributed a small 
step in this endeavor.

I think it is important for the DWI community researching psychotic 
disorder to abandon the concept of white matter ‘integrity’. This ‘integrity’ 
is actually a misnomer and captures a broad range of alterations within 
the white matter such as axon density, myelin content and water content. 
With the proposed DWI measures in this thesis (axial, radial and mean 
diffusivity) a more complete overview of white matter alterations can be 
compiled. The importance of geometrical tensor shape measures should not 
be underestimated and further research into these measures can help to 
further elucidate neurobiological underpinnings of psychotic disorder.

Although mental health services are increasingly attempting to start 
treatment early in order to use relatively conserved plasticity in the earliest 
stages of mental illness, often a substantial diagnostic delay remains for 
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patients to receive adequate assessment and early interventions in the 
earliest stages of psychotic disorder. Delayed treatment increases the risk of 
school drop-out, drug use and self-harm. In turn, this results in high societal 
costs and loss in quality of life. Early detection and prevention in the stage 
of milder symptoms progressing to the next stage of clinical relevance is 
of paramount importance (8). As noted earlier, the application of an ACT 
intervention can be a feasible, effi cient and cost-effective way to support 
youngsters in the earliest stages of expression of psychosis. ACT may in fact 
represent a non-stigmatizing and generic intervention to help youngsters 
self-manage early psychopathology. The intervention is tailor made, allowing 
for personal input and therefore empowers the person. This kind of third 
wave psychotherapy thus represents personalized, empowering care. 

Conducting research in a group of young people within the age range of 
16-25 years was challenging. It is therefore important to develop productive 
strategies to target the vulnerable (and resilient) subgroup of young people 
during the key developmental phase of life. Stigma reduction is an important 
element in helping young people to come forward to discuss mental 
health. The Transition Psychiatry movement aims at providing a low stigma 
environment and a low stigma language to discuss mental health issues in 
young people. Generating public awareness on mental disorders as a part of 
human variation (autism spectrum, addiction spectrum, psychosis spectrum, 
etc.) helps endeavors to discuss symptoms early and reduces stigma. This 
can be done through educational and general information efforts in the 
general (school) population. For example, locally in the area where the 
thesis research was conducted, systematic contacts with high schools in the 
Maastricht area have been established along these lines.

Audience
The results from the research described in this thesis can and should 
be disseminated beyond the academic community. First, the results may 
help to gain more insight into preventive intervention opportunities for 
youngsters with mild psychopathology in the general population. This 
knowledge can be applied at schools within the realm of assessment and 
care delivered by school psychologists. It will be important to co-create a 
low-stigma language with youngsters, which can be used to discuss mental 
health problems. The role of the parents, school mentor and others in the 
network in early detection and treatment of mild psychopathology cannot 
be underestimated, as the network has an important role in preventing 
both overtreatment and under treatment of those at risk. Indiscriminate 
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screening and early intervention is a real risk of early intervention and 
therefore the transition psychiatry approach of creating low-stigma and 
easily accessible environments where youngsters will experience a low 
threshold to disclose mental health issues and engage in low-stigma and 
high-empowerment treatments such as ACT is the best way to go forward, 
as indeed we are attempting to do in the Maastricht area. 

Accomplishments, activities and results 
One of the activities within the Smartscan project was related to public 
engagement and participant recruitment. Results from the project can be 
disseminated via the Brain Awareness Week (BAW), an initiative by the 
Dana foundation (www.dana.org/baw/). The BAW provides a platform for 
connecting with schools and talk about the advancement and benefi ts 
of brain research. It allows for the busting of myths, controversies and 
misunderstandings. The BAW works not only in a one-way direction, given 
that in interactive presentations, researchers can also gain novel insights 
and co-creation ideas from questions raised by the audience. Results from 
the Smartscan project will also be disseminated through the website of the 
project (www.smartscanproject.nl).

Furthermore, openly sharing data becomes more and more common in 
science. The MRI data generated for the two projects can contribute to the 
bigger good of the neuroimaging community by sharing via NeuroVault or 
by collaborating via the Enhancing Neuro Imaging Genetics Through Meta 
Analysis (ENIGMA) consortium or SchizConnect. As part of the GROUP 
study, data were already shared with other research groups. In the future, 
Smartscan data will be similarly shared. 

The GROUP study on patients with psychotic disorder, their healthy siblings 
and healthy controls highlighted the power of studying genetic liability in 
healthy individuals. A genetic predisposition does not determine the life 
course and the health outcomes in it, however avoiding additional risk 
factors such as cannabis may prevent a person from developing symptoms 
(9). Future work may attempt to study the impact of environmental factors 
on the outcome of interventions like ACT in the target population.

Innovation
While the main aim of the studies was to generate fundamental knowledge 
on the neurobiological understanding of psychotic disorder, we also showed 
that the ACT intervention may be of value in early prevention programs 
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and the Smartscan study does provide some evidence for an advantageous 
effect of this mindfulness-based treatment, although requires further study. 
As ACT is a relatively novel therapy the Smartscan project may contribute 
to enhanced public awareness about this third wave psychotherapy 
alternative. 

From a more technical perspective, MRI scans may be of (innovative) 
signifi cance. DWI has proven to be a useful research instrument for in-vivo 
examination of structural brain alterations. Results are based on group 
differences and clearly suggest how diffi cult it may be to apply these types 
of fi ndings at the level of the individual in clinical practice and to generalize 
the fi ndings across the spectrum of severity in psychosis. Indeed, our 
fi ndings suggest that DWI fi ndings are not constant across the spectrum of 
severity. ‘Big data’ collaborative efforts may shed more light on these issues, 
given the large within and across sample heterogeneity in MRI research. 
Another innovative approach would be to conduct time-series, repeated 
measure case studies within patients, focusing on the working mechanisms 
of interventions in n=1 longitudinal designs. Given very high levels of 
heterogeneity in mental health research in general and in MRI research 
in particular, n=1 time series may yield precise solutions at the n=1 level. 
Meta-analysis of multiple n=1 studies may be used to examine group 
tendencies.

Future implementation
The methods described in this thesis, with the exception of ACT and 
ESM, can be rather diffi cult to implement in daily clinical practice, given 
that for example MRI scans are expensive cannot be used routinely in 
clinical populations. The scans require a participant to lie motionless for 
some time in a narrow tunnel with loud noises occurring close to the 
head. This interplay makes it challenging to have good marketing openings 
for clinical applications of MRI in psychotic disorder. Potentially there 
might be opportunities for the application of big data science techniques 
in neuropsychiatry, which would allow for pooling of data collected 
worldwide. Many MRI scans are acquired and pooling together datasets 
might provide novel insights in the neurobiological underpinnings of mental 
illnesses, as indeed has been shown by the ENIGMA consortium. The 
clinical psychiatric diagnostic classifi cation system (DSM) was created based 
on counting the number of symptoms, which add up to a diagnosis. This 
system is now widely acknowledged as not facilitating the elucidation of 
underlying mechanisms, be it biological or mental. Thus, there is a paradigm 
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shift of stepping away from the binary diagnostic true-false system towards 
a transdiagnostic spectrum phenotypes approach. A transdiagnostic data 
driven style might elucidate biomarkers that were unknown in the DSM 
classifi cation system. Part of this data driven approach would be to advance 
MRI deep learning techniques in order to understand hitherto undetected 
patterns in the data.
Clinically, we think the combination of ACT and ESM, as relatively 
affordable and workable clinical self-monitoring, self-management and 
early intervention methods in those with early psychopathology, represent 
the best ‘value’ for further clinical development, particularly in low-stigma 
settings as envisioned in transition psychiatry. While we did not show large 
effects that require direct implementation, we think replication and further 
research along the lines suggested earlier is an option. 
We hope that the efforts as laid out in this thesis represent a small step in 
the global effort to improve the lot of the mentally ill.
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projecten. Het ondergaan van een MRI-scan is een behoorlijke opgave, 
zeker als je twee uur lang stil moet liggen. Jullie bijdrage aan de wetenschap 
is van onschatbare waarde, vaak onderschat en erg belangrijk voor dit 
proefschrift. 

Natuurlijk wil ik mijn promotieteam bedanken voor de samenwerking. Jim 
en Machteld, met jullie inzichten, ideeën en inspiratie is dit proefschrift 
gekomen tot wat het nu is. Jim, als promotor was je altijd betrokken 
en geïnteresseerd, ook al was dit op afstand in het laatste jaar. Voor de 
wekelijkse begeleiding had ik enorme steun aan jou, Machteld. Met jouw 
intensieve ondersteuning en scherpe blik kwam ik steeds een stap verder. 
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beoordelen van het proefschrift; voorzitter Prof. Dr. Bart Rutten, Prof. Dr. 
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Dick Veltman, en aan de leden van de corona.
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met het Smartscan team en in het bijzonder Jindra en Iris. Veel hebben 
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geïnteresseerd, gemotiveerd en veel passie voor de wetenschap. Met jou 
was het altijd gezellig sparren en discussie voeren. De vele scanuren maakte 
je iets meer dragelijk. Samen lekker trappen op de fi ets, dat is wat Jindra en 

ik veel samendeden naast het promoveren. Het Ardennen weekend was erg 
fi jn, dit soort fi ets trips zouden we vaker moeten doen. Met de generatie 

PhD studenten, te weten Annelie, Yori, Henni, Thomas, Zuzana, en Silvia 
was het altijd erg gezellig om samen spellen te spelen in de keuken of wat 
te drinken op een terras. Van de vorige generatie PhD studenten heb ik 
destijds veel geleerd. Niet alleen in het uitvoeren van wetenschap, maar ook 
het organiseren van de LAM. Hiervoor ben ik Sanne, Petra, Feikje, Johan, 
Tineke, Tim, Mayke, Dennis, Nicole, Christine, Martine en Aleida dankbaar. 
Natuurlijk was het ook erg inspirerend om met de nieuwere generatie 
PhD studenten, te weten Boris, Sophie, Simone, Naomi, Esther en Maud te 
mogen werken en van elkaar te leren. I am very gratefull to work with and 
learn from Ozan, Christian and Ehsan. You guys are amazing and do great 
work, keep it up! De Amsterdam connectie via Geor, Martin en Claudia 
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kan ik natuurlijk niet snel vergeten. Onze avonturen tijdens de avonduren 
in Toronto zullen me nog lang bij blijven. A special note for Lotta as an 
offi ce buddy to share stories with and have a good laughter. Sorry for the 

cold conditions during winter time… Verder wil ik Patrick bedanken voor 
de frisse klinische blik op de witte stof en het delen van ervaringen in het 
uitvoeren van onderzoek en de daaraan gerelateerde zaken. Natuurlijk kan 
Ed niet ontbreken in dit dankwoord. Zonder jou waren de analyses nooit zo 
vlot gelukt en ik heb enorm veel geleerd op het gebied van programmeren 
en data analyse. The SCRUM-club is a great initiative towards open science 
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