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Psychosis and schizophrenia

Many people may occasionally have psychotic experiences or thoughts. Perceiving a sound 
that other people do not hear, having a paranoid thought, or not being able to think clearly; 
such experiences on their own do not necessarily imply a psychotic illness. However, the 
risk for psychosis increases if such events present themselves regularly. A psychotic episode 
occurs less frequently than an occasional psychotic experience; about 3.5% of the general 
population can be affected by episodes of extensive psychotic experiences (Perala et al., 
2007). The mysteries of the origin of psychotic symptoms still have to be unraveled, though 
it is generally assumed that an interplay between a genetic predisposition and unfavorable 
environmental factors determines who will be affected. One’s genetic make-up could 
be such that it makes a person vulnerable to become psychotic after the occurrence of 
stressful life events, such as traumatic experiences, losing a loved one, going to college, 
or starting an independent life (Zubin et al., 1983). Psychotic episodes can be transient or 
long lasting, and when a person’s daily functioning is disturbed for more than six months, 
the diagnostic criteria for schizophrenia will be fulfilled (American Psychiatric Association, 
2000). The first psychotic symptoms manifest themselves mostly during late adolescence 
or early adulthood. Within this life span, persons typically develop themselves to become 
independent individuals. When this process of psycho-social development is interrupted 
for a considerable amount of time, it may have devastating long-term consequences on 
social functioning. Educational or professional careers, as well as social relationships do 
not develop as they would otherwise. Moreover, studies suggest that men are more often 
affected by psychosis than women, with women having a more favorable illness course in 
terms of symptom severity and social outcome (Angermeyer et al., 1990; Leung & Chue, 
2000). 

Positive and negative symptoms in schizophrenia

Hallucinations, delusions, incoherent speech, and chaotic or catatonic behavior are 
referred to as positive symptoms in schizophrenia (American Psychiatric Association, 
2000). Hallucinations are defined as sensory sensations occurring in the absence of 
corresponding stimuli, resembling actual perceptions (Aleman & Larøi, 2008). They can 
occur in any sensory modality, being auditory, visual, tactile, olfactory, and gustatory, and 
can present themselves in singular form or simultaneously in multiple modalities (Mueser 
et al., 1990). However, auditory verbal hallucinations (AVH) are the most reported type of 
hallucinations in schizophrenia, with a life-time prevalence of 60-70% (Sartorius et al., 1974) 
and can therefore be considered a key positive symptom of schizophrenia. Patients with 
AVH generally describe experiencing one or several ‘voices’, talking in the first, second or 
third person. Voices may comment on the patients’ behavior, give commands or insults, but 
can also be encouraging and helpful. Half of the patients experience the voices as coming 
from outside their head, whereas in the other half the voices seem to reside from inside 
(McCarthy-Jones et al., 2014). Since it can be difficult to ignore these vivid experiences, 
AVH can cause high emotional distress (Nayani & David, 1996). 

Whereas positive symptoms refer to those aspects in behavior and experiences that are 
overrepresented in patients with schizophrenia, negative symptoms are the aspects of 
behavior that they lack. Following the most recent consensus on the construct, negative 
symptoms in schizophrenia include avolition/apathy (reduced energy, drive and interest), 
alogia (poverty of speech), affective flattening, anhedonia (inability to enjoy joyful things in 
life), and asociality (Kirkpatrick et al., 2006). Moreover, it has been observed that patients 
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with negative symptoms more often suffer from cognitive dysfunctioning (Addington 
et al., 1991; Nuechterlein et al., 1986), which includes problems in memory, executive 
functioning, attention, and language (Heinrichs & Zakzanis, 1998; Reichenberg & Harvey, 
2007). Negative symptoms and cognitive dysfunctioning have been recognized as being 
part of the disorder since Kreapelin’s first report on schizophrenia, or as he called it, 
‘dementia praecox’ (Kraepelin, 1919, 1971). Patients were described as ‘orchestras without 
a conductor’. To date, there have been limited therapeutic interventions that could diminish 
negative symptoms and cognitive deficits to clinically meaningful levels (Aleman et al., 
2016; Fusar-Poli et al., 2015). Its relevance is well illustrated by the fact that severe negative 
symptoms, as well as cognitive dysfunctioning are highly disabling and correlate with worse 
functional outcome. Patients that suffer from negative symptoms and cognitive disabilities 
often do not have a partner, are not engaged in work or study, and are unable to maintain 
a social network (Bobes et al., 2010; Milev et al., 2005). 

In order to effectively treat symptomatology of schizophrenia, it is important to understand 
its underlying mechanisms, which are being studied on different levels. Although the 
predominant view is that schizophrenia is due to a malfunctioning brain, several decades 
of brain imaging studies have not completely unraveled the complex processes underlying 
symptoms of schizophrenia. This thesis is written from the cognitive neuropsychiatry 
framework, a scientific approach to explain psychiatric symptomatology with models on 
cognitive and neural mechanisms (Halligan & David, 2001). 

Auditory verbal hallucinations

After the introduction of the first antipsychotic medication in the 1950’s, clinical and 
scientific focus was aimed at positive symptoms. The new psychotropic agents, referred 
to as neuroleptics or antipsychotics, appeared to block dopamine D2 receptors in 
mesolimbic pathways, connecting the ventral tegmental area in the midbrain with the 
nucleus accumbens in the limbic system. This blockage is thought to contribute to a 
reduction of hallucinations and delusional thoughts, and led to the formulation of the 
dopamine hypothesis of schizophrenia. In a simplified version, the dopamine hypothesis 
states that a relative excess of dopamine in the mesolimbic pathways may be causative 
for positive symptoms of schizophrenia (Meltzer & Stahl, 1976). With respect to AVH, the 
heightened dopamine levels may cause individuals to assign too much salience to internal 
representations such as inner speech and memories, resulting in auditory hallucinations 
(Kapur, 2003). 

Besides the attempts to understand the etiology of AVH on a neurobiological level, 
cognitive theories on the mechanism of action have also been proposed. As AVH are speech 
perceptions in the absence of corresponding stimuli, some have argued that AVH may be 
the result of speech perception deficits. This bottom-up approach is supported by the 
observation that an absence of sensory input may lead to the experience of hallucinations 
(Davis et al., 1961). Moreover, hearing impairment increases the chance to develop auditory 
verbal hallucinations (Thewissen et al., 2005). Studies in brain damaged patients that report 
AVH, found that lesions were often located in the auditory pathway, including temporal 
regions. This suggests an inhibitory role for the lesioned area, resulting in over-activation 
in the remaining tissue (Braun et al., 2003). The most consistent AVH-related findings from 
structural MRI studies on gray matter volume in patients with schizophrenia comprise lower 
gray matter volume of the left superior temporal gyrus (STG) compared to controls (Flaum 
et al., 1995; Gaser et al., 2004; van Tol et al., 2013). This is in line with the findings of Braun 
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et al. (2003) that the lesion is often located in the temporal cortex, and corroborate as such 
with the hypothesis of AVH being a result of anomalous speech perception (Allen et al., 
2008).

In addition to this bottom-up explanation, Frith (1988) proposed a top-down approach 
that explains positive symptoms in terms of a failure to monitor self-generated actions. In 
order to distinguish self-generated from externally generated actions, the process of self-
monitoring is activated. When the monitoring system is not functioning properly, this could 
result in a number of positive symptoms. Applied to AVH, patients may not have the ability 
to recognize one’s own inner speech. This failure can be explained in terms of a defective 
feedback loop. It has been found that for each motor action, an efferent copy is sent to the 
sensory system to generate a prediction of the sensory feedback, or corollary discharge. In 
this way, the system knows that the following sensation is a result of a person’s own action 
and any response to that sensation should be inhibited. If inner speech can be considered a 
motor action, then corollary discharge would normally enable the system to recognize this 
as coming from the self. Omission of this inhibitory signal could then give the impression 
of the perceived speech as an alien voice (Frith & Done, 1988). The neural basis for this 
approach may be found in the observation that frontal volumes are smaller in patients with 
AVH than in healthy controls and are negatively related to AVH severity (Cullberg & Nyback, 
1992; Gaser et al., 2004; Neckelmann et al., 2006; van Tol et al., 2013).

Aside from studying the brain’s structures that may be associated with AVH, it is also 
informative to assess to what extent brain regions are actually functionally involved in the 
genesis of AVH. Brain activation related to AVH is typically investigated using two types 
of functional magnetic resonance imaging (fMRI) methods. During activity or state fMRI 
studies, brain activation is measured in patients at rest. At the moment they are actually 
experiencing AVH, they have to indicate this by for example pressing a response button. 
By comparing the activation patterns during AVH and when AVH were absent, unique brain 
regions involved in AVH can be identified. The findings of such functional imaging studies 
suggest a distributed network involved in language processing, and verbal memory, 
including the inferior frontal gyrus, middle/superior temporal gyri, the hippocampus, and 
insula (Jardri et al., 2011; Kuhn & Gallinat, 2012). During cognitive or trait studies on the 
other hand, patients with the trait to hallucinate have to perform tasks that evoke cognitive 
processes hypothesized to be involved in AVH, for example inner speech or source 
monitoring paradigms (Ditman & Kuperberg, 2005; Johns & McGuire, 1999). Cognitive 
imaging studies that used such task paradigms, found reduced involvement of temporal 
regions, cingulate cortex, supplementary motor area, hippocampal complex, cerebellar, 
and subcortical areas (McGuire et al., 1996; Shergill et al., 2000; Woodruff et al., 1997). The 
reduced activation in patients with AVH in response to external activation suggests that 
both processes compete for the same neural resources (Woodruff et al., 1997).

Negative symptoms and cognitive deficits 

It took several decades after the introduction of the first antipsychotic medication to (re)
acknowledge the influence of negative symptoms and cognitive deficits on functional 
outcome in patients with schizophrenia. Whereas positive symptoms could relatively 
effectively be treated with antipsychotic medication, patients remained functionally 
disabled, as they still experienced negative symptoms and cognitive deficits. Moreover, 
by blocking dopamine receptors, antipsychotics may in some cases worsen negative 
symptoms and cognitive deficits. These observations as well as advances in neuroscience 
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led to a reformulation of the dopamine hypothesis. The revised dopamine hypothesis 
states that, aside from hyperactive mesolimbic pathways, the hypoactive mesocortical 
dopamine projections into the prefrontal cortex might be causative for negative symptoms 
and cognitive dysfunctioning (Davis et al., 1991; Weinberger, 1987). This effect is referred 
to as hypofrontality. The revised dopamine hypothesis was confirmed with the use of 
Positron Emission Tomography (PET) studies (Okubo et al., 1997). With the development of 
magnetic resonance imaging (MRI) techniques, further evidence was found to substantiate 
the hypothesis. Using fMRI to measure resting state activation, hypofrontality appeared 
to be greatest in patients that demonstrated autistic behavior, as well as inactivity and 
indifference (Franzen & Ingvar, 1975). Moreover, lower gray matter volumes of the dorsal 
and orbital prefrontal areas were observed in patients as compared to controls, possibly 
underlying hypofrontality (Benoit et al., 2012; Gur et al., 2000).

Unfortunately, there is a shortage of research on the cognitive and neural basis of negative 
symptoms. Some advances have recently been made to decompose the negative symptom 
construct into separate domains (Liemburg et al., 2013; Messinger et al., 2011). Still, their 
underlying cognitive mechanism and neural substrates are poorly understood. However, 
extensive research has been conducted on prefrontal dysfunctioning in patients with 
schizophrenia during fMRI by using tasks that cognitively challenge frontal brain regions. 
For example the Wisconsin Card Sorting Test, which is a task for executive functioning, has 
shown high correlations with prefrontal functioning in healthy subjects (Milner, 1963), but 
demonstrated reduced blood flow in patients with schizophrenia (Weinberger et al., 1986). 
Dorsolateral prefrontal cortex (DLPFC) hypoactivation in patients with schizophrenia has 
also been implicated in working memory tasks during fMRI (Glahn et al., 2005). Interestingly, 
some studies have found increased frontal brain activation in patients with schizophrenia, 
and hypothesized that there may be an inverted U-shape association between working 
memory load and activation of the DLPFC (Callicott et al., 2003). In addition to DLPFC 
deviations, the anterior cingulate has shown to be affected in patients with schizophrenia 
(Glahn et al., 2005), an effect that the authors explain in terms of altered cognitive control. 
Patients might experience more conflict during task performance than healthy individuals, 
which can be compensated for by increasing involvement of the anterior cingulate 
cortex (Glahn et al., 2005). Finally, not only frontal regions, but also parietal regions (Lahti 
et al., 2001) have been implicated in mechanisms associated with changes in cognitive 
functioning, as well as negative symptoms in patients with schizophrenia. 

Schizophrenia: a disconnection syndrome?

The structural and functional findings related to AVH and negative symptoms all describe 
abnormal functioning of discrete brain regions. However, these brain regions do not 
function in isolation. With the increasing awareness that the brain is a complex system of 
connected brain regions, researchers began to conceptualize schizophrenia as the result 
of disrupted functional integration of specialized systems, such as neurons or brain areas 
(Andreasen et al., 1996). This hypothesis is referred to as the disconnection hypothesis of 
schizophrenia (Friston, 1998).
 
As previously noted, the prefrontal cortex is frequently reported to be affected in patients 
with schizophrenia. This region covers all brain areas anterior to the motor cortex. Given 
its rich connections with many other areas throughout the brain, it has an important 
regulating role. In patients with AVH, deviant functional integration between frontal and 
temporal areas in comparison with control groups has been reported (Curcic-Blake et al., 
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2013; Hoffman et al., 2011; Lawrie et al., 2002), which may account for a failing corollary 
discharge, with the experience of AVH as a result (Feinberg, 1978). This aberrant functional 
integration may be associated with white matter disruptions (Curcic-Blake et al., 2015; 
Geoffroy et al., 2014; McCarthy-Jones et al., 2015). Also, disturbances in neurometabolites 
glutamate and glutamine in the frontal and temporal lobes have been observed in patients 
with AVH (Hugdahl et al., 2015), which may be indicative for reduced functional integration. 
Besides the aberrant connectivity between frontal and temporal areas, also other deviating 
connections have been implicated in AVH (see for a review (Alderson-Day et al., 2015)). 
With respect to negative symptoms, reduced white matter integrity of the major white 
matter tract within the fronto-parietal network has been observed (Rowland et al., 2009). 

When the activation in the fronto-temporal and fronto-parietal networks are considered, it is 
primarily reported to be positively related to stimuli and demands from the external world 
(Damoiseaux et al., 2006; Smith et al., 2009). Interestingly, during the numerous studies on 
task-positive brain activation, a set of brain areas consistently showed deactivation during 
cognitively demanding tasks (Buckner et al., 2008). This network of regions that acted in 
synchrony, comprised cortical midline structures, the inferior frontal gyri and angular gyri. 
Instead of ignoring this phenomenon, researchers started to focus on this so-called task-
induced deactivation. They found that when the brain is at rest, that is, free from cognitively 
demanding situations, this same network became active (Shulman et al., 1997), and is 
therefore referred to as the default mode network. A brain at rest is often engaged in mind 
wandering; thinking about the self and others, in the past, present and future (Buckner et 
al., 2008). In patients with schizophrenia, over-activation of the default mode network has 
been reported (Broyd et al., 2009; Whitfield-Gabrieli et al., 2009), indicating a competition 
between this internal attention network and other networks important for external focus. 
Buckner and colleagues suggested that over-activation of the default mode network 
complicates the distinction between self-generated events and events that have an external 
origin, which may be underlying AVH (Buckner et al., 2008). 

An analysis method that has been applied in several chapters in this thesis is independent 
component analysis (ICA; Calhoun et al., 2001). With the development of ICA for 
neuroimaging, it became possible to identify intrinsic connectivity networks (ICNs) in 
the human brain, which are composed of brain regions that show similar spontaneous 
fluctuations in activation, and appear to be independent of state (Damoiseaux et al., 2006; 
Smith et al., 2009). As such, ICA offers a method to robustly investigate network organization 
in the human brain, both during resting state and cognitively demanding tasks. In this thesis, 
we aim to further elaborate on the relation between brain networks and symptomatology of 
schizophrenia. For this purpose, we used independent component analysis to investigate 
whether brain networks of patients with and without AVH were differently addressed during 
auditory-verbal processing than in healthy participants. In addition, reduced structural 
connectivity may be underlying disturbed functional integration of frontal regions, with 
temporal and parietal regions in patients with AVH, which may be reflected in neurochemical 
processes. In order to study the role of glutamate and glutamine in relation to AVH, we 
applied magnetic resonance spectroscopy. With this method, we compared levels of 
glutamate and glutamine in patients with and without AVH and healthy participants in the 
white matter connecting frontal brain areas with more posteriorly located brain regions.
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A role for reduced hemispheric specialization?

At first glance, some brain networks may appear equally distributed over both hemispheres 
(Smith et al., 2009), yet, regions of one hemisphere may be more involved in certain 
functions than their contralateral counterparts. As early neuroscientist Broca (1861) already 
discovered, language is typically a function of the brain that is more pronounced in - or 
lateralized to - the left hemisphere (Geschwind & Galaburda, 1985). But also for other 
functions, one of the hemispheres tends to be more dominant, such as right hemispheric 
dominance for emotion (Borod et al., 1998), and left hemispheric preference for handedness 
(Annett, 1967). Structural differences between the left and right hemisphere are in line with 
hemispheric preferences for specific functions. A well-known structural asymmetry of the 
brain is the larger occipital lobe in the left hemisphere and the extended frontal lobe in 
the right hemisphere, a phenomenon that is referred to as ‘petalias’ (LeMay, 1977). Also, 
the volume of the planum temporale in the left hemisphere is favored over its volume in 
the right hemisphere, which may account for the left-hemispheric preference for language 
(Geschwind & Levitsky, 1968; Wada et al., 1975).

Methods to study lateralization of brain function without brain imaging techniques 
comprise the measurement of hand preference and ear advantage during dichotic listening 
paradigms. A meta-analysis that applied these methods found reduced lateralization in 
patients with schizophrenia (Sommer et al., 2001a). Patients with schizophrenia appeared 
to be more often left-handed than controls. And during dichotic listening tasks, healthy 
subjects typically demonstrated a right-ear advantage when performing dichotic listening 
task, whereas this effect was less prominent in patients with schizophrenia (Sommer et al., 
2001a). With respect to brain structure, patients with schizophrenia generally show smaller 
volumes of the left planum temporale and sylvian fissure compared to control participants 
(Sommer et al., 2001a). In addition, brain activation related to language and working 
memory showed reduced lateralization in patients with schizophrenia compared to healthy 
controls, which can either be ascribed to less involvement of the left hemisphere or an 
increased involvement of the right hemisphere (Sommer et al., 2001b; Walter et al., 2003; 
Weiss et al., 2006). 

Crow (1989) argued that a ‘cerebral dominance gene’ on the pseudoautosomal region of 
the sex chromosomes might be responsible for the development of the brain in a lateralized 
manner, and that excessive expression of this gene may cause a lack of development of the 
left hemisphere. Some evidence for a sex chromosome-dependent locus of this gene is 
found in the fact that the prevalence of schizophrenia is larger in males than in females 
(DeLisi et al., 2005). Furthermore, the disorder often shows its first signs during adolescence 
when levels of the reproductive hormone testosterone should be peaking (Spear, 2000). 
Interestingly, relatively lower levels of testosterone have been reported in male adolescents 
at risk for psychosis in comparison with healthy matched adolescents (Huber et al., 2005; 
van Rijn et al., 2011), which may have a negative influence on the anatomical maturation 
of the brain (Sisk & Zehr, 2005). The exact influence of gender and testosterone on brain 
development and lateralization in schizophrenia remains to be elucidated. However, given 
that testosterone receptors can be found in all parts of the brain (Belle & Lea, 2001; Bialek 
et al., 2004), it can be assumed that complete neural networks, rather than isolated brain 
regions may be affected. 

A disorder that exhibits a more explicit relationship with reduced testosterone levels 
is Klinefelter syndrome (47,XXY), a genetic disorder caused by a supernumerary X 
chromosome. Dosage changes of X chromosomal genes may result in defective testosterone 
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signaling, which is observed in several life stages (Lahlou et al., 2004; Salbenblatt et 
al., 1985; Smyth & Bremner, 1998; Sorensen et al., 1981), and has been associated with 
various abnormalities. Besides physical characteristics such as tall stature, hypogonadism, 
infertility and gynecomastia (Lanfranco et al., 2004), men with Klinefelter syndrome may 
demonstrate abnormalities that are also observed in patients with schizophrenia. It is well-
reported that men with Klinefelter syndrome experience difficulties in language and social 
cognition (Mandoki et al., 1991; Rovet et al., 1996). Also brain imaging studies reported 
atypical structural and functional lateralization in these males (Itti et al., 2006; Netley & 
Rovet, 1984; Savic, 2014; van Rijn et al., 2008). Interestingly, men with Klinefelter syndrome 
demonstrate a high prevalence of psychotic symptoms (van Rijn et al., 2006). All these 
similarities have led to the idea that Klinefelter syndrome could serve as a genetic model to 
study the psychopathology of schizophrenia (DeLisi et al., 2005; van Rijn et al., 2006). Brain 
imaging studies could help test this hypothesis. However, a direct comparison of neural 
correlates of the two patient groups has not been performed as yet. In this thesis, it was 
investigated whether lateralization indices of network contributions are similar in patients 
with schizophrenia and men with Klinefelter syndrome. Similar lateralization profiles 
would support the theory that Klinefelter syndrome could serve as a model to understand 
psychopathology of schizophrenia.
 

rTMS for the treatment of symptoms of schizophrenia

With the advances in neuroimaging, it has become increasingly clear that the brain functions 
as a complex system of networks in interaction. The consequence of such complexity, is the 
increased chance that disturbances will occur during the development of the brain or later 
in life. Schizophrenia may be a disorder of faulty or less efficient connections, resulting 
in a variety of symptoms. With the noninvasive brain stimulation technique Transcranial 
Magnetic Stimulation, it may be possible to – in some degree – adjust these networks, such 
that symptoms may be reduced. 

Guidelines for the treatment of schizophrenia prescribe antipsychotic  medication as the 
first treatment choice. In addition, many patients receive psychosocial interventions, such as 
psycho-education, cognitive behavioral therapy or psychomotor therapy (Multidisciplinaire 
Richtlijn Schizofrenie 2012; NICE, 2014). Still, a significant number of patients with 
schizophrenia continue to suffer from their symptoms (Fusar-Poli et al., 2015; Shergill 
et al., 1998). Over the last decade, brain stimulation techniques have been explored as 
treatment options for auditory verbal hallucinations and negative symptoms in patients 
with schizophrenia. Among these techniques is the non-invasive method Transcranial 
Magnetic Stimulation (TMS), which works by the principle of electro-magnetic induction. 
By sending brief but strong electrical currents through a coil of copper winding, rapidly 
changing magnetic fields are generated. When these magnetic pulses are directed over 
the scalp, activity in the brain can be influenced. Researchers already experimented 
with this principle in the early 1900’s, and found that they could induce the perception 
of phosphenes, i.e. light flashes (Walsh & Cowey, 1998). However, the TMS device as it is 
used today was developed in 1985 by Barker and colleagues. With an electrical current 
of 8 kA and a figure-of-eight shaped coil, it is possible to produce magnetic pulses with a 
field strength up to 2.5 Tesla. Without reduction of magnetic field strength, the pulses can 
penetrate the skull, enabling the stimulation of the cortex up to two centimeters deep. With 
this technique, it became possible to relatively painlessly stimulate the brain, as opposed to 
the considerable discomfort that accompanies electrical stimulation (Barker et al., 1985). 
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By applying single pulse TMS (spTMS), cortical excitability can be estimated through 
determination of the motor threshold. That is, the minimum stimulation intensity of the 
primary motor cortex, necessary to evoke a reaction of the contralateral hand muscles in five 
out of ten pulses (Schutter & van Honk, 2006). Although direct stimulation by the magnetic 
field does not reach deeper than two centimeters, its effect may extend to deeper located 
areas that are connected to the stimulated area, through transsynaptic action (McClintock 
et al., 2011). However, selectively stimulating deep structures in the brain is still not possible 
with the present TMS techniques. 

When the magnetic pules are given in a repetitive mode, the technique may have inhibitory 
or excitatory effects. In 1997, Chen and colleagues discovered that a repeated application of 
TMS pulses in a frequency of 1 pulse per second for the duration of 15 minutes could reduce 
motor cortex excitability (Chen et al., 1997; Wassermann et al., 1998). Moreover, stimulation 
in a frequency of 5 to 20 Hz appeared to have an excitatory effect on underlying brain tissue 
or stimulated muscle (Peinemann et al., 2004; Shajahan et al., 2002). Interestingly, these 
effects outlasted the stimulation period, making repetitive TMS (rTMS) a method to study 
plasticity-like changes in healthy human individuals. Although not completely understood 
as yet, it is assumed that the mechanism of action behind these effects are comparable with 
long-term depression (LTD) and long-term potentiation (LTP) (Hoogendam et al., 2010). It 
has been found that repeated electrical stimulation of afferent fibers in a low frequency (1-5 
Hz) resulted in a long-lasting weakening of synaptic transmission. On the contrary, synaptic 
strength can be increased through repeated electrical stimulation at a high frequency (40-
100 Hz). These processes are associated with learning and information storage in the brain. 
Selective weakening and strengthening of synapses is important for optimizing efficiency, 
as each synapse has its maximum capacity. Evidence on the mechanism of action behind 
rTMS in terms of long-term depression and potentiation is still inconclusive. However, 
many parallels in the effects of direct electrical stimulation and rTMS have been observed 
(Hoogendam et al., 2010).

It was the group of Ralph Hoffman at Yale University that first piloted a 1 Hz repetitive TMS 
(rTMS) treatment in patients with schizophrenia and AVH by stimulating the left temporo-
parietal junction area (Hoffman et al., 1999). The rationale for this target region was based 
on the finding that this area showed involvement during speech perception (Fiez et al., 
1996) and is overactive in patients with hallucinations (Silbersweig et al., 1995). The AVH 
significantly reduced in all three patients (Hoffman et al., 1999). In the following years, this 
set-up has been investigated in a number of open label studies, cross-over studies and 
randomized controlled trials (RCT’s). Although initial meta-analyses primarily found positive 
results, later studies somewhat tempered this optimism (Aleman et al., 2007; Slotema et al., 
2010; Slotema et al., 2012; Slotema et al., 2014; Tranulis et al., 2008; Zhang et al., 2013). 
Also, new methods were tested in order to maximize efficacy. For instance, Slotema and 
colleagues stimulated the area that showed AVH-related activation during fMRI, which is 
referred to as fMRI-guided rTMS (Slotema et al., 2011). Other studies compared stimulation 
of the right TPJ area with stimulation of the left TPJ area (Jandl et al., 2006; Lee et al., 2005; 
Loo et al., 2010), based on the finding that the right hemisphere is also involved in the 
genesis of AVH (Lennox et al., 2000; Shergill et al., 2000). However, none of the studies that 
applied unconventional approaches were able to demonstrate superior effects over left-
sided rTMS treatment.

With respect to negative symptoms of schizophrenia, an initial trial was performed by Klein et 
al. with low frequency (1 Hz) rTMS of the right prefrontal cortex, a set-up that had previously 
been applied in patients with depression. Yet, favorable effects of active stimulation as 
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compared to sham stimulation were not observed in this study (Klein et al., 1999). The 
subsequent trials primarily applied high frequency rTMS of the left prefrontal cortex, as this 
area has demonstrated reduced levels of cortical activation in patients with schizophrenia 
that suffered from negative symptoms. Although beneficial effects of high frequency rTMS 
treatment of major depression have already been demonstrated (the treatment has been 
approved by the U.S. Food and Drug Administration: FDA approval K061053), treatment 
effects for negative symptoms of schizophrenia are still limited (Dlabac-de Lange et 
al., 2010; Freitas et al., 2009; Shi et al., 2014; Slotema et al., 2010). Interestingly, a sub-
analysis performed in a meta-analysis of rTMS studies for negative symptoms, revealed 
that stimulation for three weeks, at 10 Hz appears to be the most promising combination of 
treatment parameters (Dlabac-de Lange et al., 2010). 

Given that rTMS is relatively new in the treatment of auditory verbal hallucinations and 
negative symptoms in schizophrenia, many questions remain regarding optimal treatment 
parameters. More randomized controlled trials are therefore warranted. In addition, 
evaluation of the treatment on a neural level with neuroimaging techniques would add 
valuable information on the underlying mechanisms of action. In this thesis, we report 
on two randomized controlled trials with rTMS for the treatment of key symptoms of 
schizophrenia. Contrary to the majority of rTMS studies that applied unilateral stimulation, 
we took an unconventional approach by also stimulating bilaterally.

Outline of this thesis

This thesis focuses on two key symptoms of schizophrenia: auditory verbal hallucinations 
and negative symptoms. In Part I, common and unique neural network characteristics 
related to auditory-verbal processing in patients with schizophrenia are investigated. This 
part comprises three chapters. In Chapter 2, a comparison is made between patients 
with schizophrenia and current AVH, patients with schizophrenia without current AVH 
and control participants. Independent Component Analysis is applied to identify neural 
networks related to the performance of a word evaluation task that required inner speech. 
The aim of the study is to investigate the unique neural correlates of the disposition 
towards auditory verbal hallucinations. In Chapter 3, the lateralization of neural network 
contribution during auditory-verbal processing is studied in patients with schizophrenia in 
comparison with healthy participants. Moreover, a group of men with Klinefelter’s syndrome 
(47,XXY) is added for comparison, because this syndrome has been proposed as a genetic 
model for psychopathology of schizophrenia. The aim of this study is to verify whether both 
patient groups reveal comparable lateralization patterns, which would justify the use of 
Klinefelter syndrome as a genetic model for schizophrenia. In Chapter 4, concentrations 
of the neurometabolites glutamate and glutamine in frontal white matter are reported in 
patients with lifetime AVH, patients without lifetime AVH and control participants. The aim 
of this study is to test if patients with lifetime AVH demonstrate glutamate and glutamine 
levels that may be unique to the trait to experience auditory verbal hallucinations. Part 
II comprises three chapters in which the possibilities are studied to favorably influence 
neural networks with rTMS in order to treat key symptoms of schizophrenia. In Chapter 5, 
the clinical effects are reported of a randomized controlled trial with low frequency rTMS 
of the unilateral and bilateral temporo-parietal junction area for the treatment of AVH in 
patients with schizophrenia. The aim of the study is to replicate earlier favorable effects of 
studies that applied left-hemispheric rTMS, and to investigate if bilateral rTMS will result 
in a superior effect over rTMS of the left hemisphere only. In Chapter 6, the effects are 
described of the randomized controlled trial in Chapter 5 on neural networks underlying 
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auditory-verbal processing. The aim of the study is to investigate to what extent neural 
networks are influenced and whether the effects differ between the groups that received 
left and bilateral rTMS. In Chapter 7, the results are reported of a second randomized 
controlled trial to test the efficacy of high-frequency rTMS of the bilateral prefrontal cortex 
for the treatment of persistent negative symptoms of schizophrenia. The aim of the study 
is to test whether bilateral stimulation results in significant reduction of negative symptoms 
and improvement of cognitive functioning. In Chapter 8, the findings of previous chapters 
will be summarized and discussed. Additionally, recommendations for future studies will 
be provided. 
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