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Aim of this thesis

This thesis has been written from the conceptual framework of cognitive neuropsychiatry, 
a scientific approach to explain psychiatric symptomatology with models on cognitive 
and neural mechanisms (Halligan & David, 2001). The studies described in the previous 
chapters are meant to contribute to the unravelling of some complexities of schizophrenia. 
We focused on two key components of schizophrenia: auditory verbal hallucinations and 
negative symptoms. There is an urge for more efficient treatment strategies for people 
with schizophrenia and related mental problems. To that end, a better understanding 
of the underlying neural and cognitive mechanisms of these key symptoms is essential. 
Developments in neuroscience lead to the understanding that schizophrenia is not the 
result of dysfunctioning isolated brain regions, but rather of disrupted brain circuitry 
(Andreasen et al., 1996; Friston, 1998). We therefore took a network approach as the basis 
for this thesis. The first part of this thesis focused on brain networks underlying auditory 
verbal processing in patients with schizophrenia. In the second part, the possibilities of the 
non-invasive brain stimulation technique rTMS to favorably influence neural networks, and 
thereby reduce key symptoms, have been described. 

Summary Part I: Neural networks related to auditory-verbal processing in patients with 
schizophrenia

Auditory verbal hallucinations (AVH) have been hypothesized to result from an externalizing 
misattribution of verbal thoughts or inner speech, as a consequence of deficits in source-
monitoring processes or self-other distinction (Ditman & Kuperberg, 2005; Johns & McGuire, 
1999). We used an inner speech paradigm in Chapter 2 to investigate neural networks 
underlying auditory-verbal processing. Participants had to phonetically or semantically 
evaluate visually presented words. The phonetic condition was assumed to activate inner 
speech. In order to distinguish AVH-related findings from schizophrenia-related findings, 
we made a comparison between patients with current AVH, patients without current AVH 
and control participants. We observed that both patient groups demonstrated higher 
activation levels of the auditory-sensorimotor network than the control participants. 
However, the patients with AVH had the largest departure from the control participants, 
indicating that patients with the trait to experience hallucinations are more primed to 
perceive internally produced speech. This interpretation is in line with an earlier study in 
which reduced responsiveness was observed of the auditory cortex in reaction to external 
auditory stimuli in patients with AVH. Patients with AVH might already be ‘tuned-in’, such 
that they prioritize internal acoustic information over external sounds (Ford et al., 2009; 
Northoff & Qin, 2011; Woodruff et al., 1997). Moreover, patients with AVH demonstrated 
less deactivation of their default mode network, which is a task-negative network, typically 
deactivated during external task demands. Previous studies showed that patients with 
more positive symptoms demonstrated difficulties in suppressing their relatively high 
resting state activation levels. This indicates a reduced efficiency in shifting attention from 
self-referential processes during rest, towards demands arising from the external world. 
A failure to deactivate the default mode network might account for the misattribution of 
thoughts and internal speech, as it hampers discrimination between internal and external 
events (Kindler et al., 2015; Whitfield-Gabrieli et al., 2009). In addition, the bilateral fronto-
temporal network, which is typically a language network, showed trends of abnormalities 
in connectivity to other networks. Together, these results may imply that patients with AVH 
have an enhanced focus on internally generated events, which might be a reflection of the 
disposition towards hallucinations. 
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Less hemispheric specialization, or reduced lateralization, has consistently been reported 
in patients with schizophrenia, possibly as a result of reduced expression of a hypothesized 
“cerebral dominance gene” on the X chromosome (Crow, 1989). The influence of the X 
chromosome can be studied in individuals with Klinefelter syndrome (47,XXY). For its 
gender-specific, and sometimes symptomatic, similarities with schizophrenia, Klinefelter 
syndrome has been proposed as a genetic model for psychopathology of schizophrenia 
(DeLisi et al., 2005; van Rijn et al., 2006). In Chapter 3, we compared the lateralization 
of network contributions within six networks relevant for language processing between 
men with schizophrenia, men with Klinefelter syndrome, and male control participants. 
Similar lateralization profiles in the two patient groups would support the hypothesis 
that Klinefelter syndrome could serve as a genetic model to understand symptoms of  
schizophrenia. Contrary to findings of earlier studies (Alary et al., 2013; Dollfus et al., 2005; 
Royer et al., 2015; Sommer et al., 2001), the study in Chapter 3 revealed that men with 
schizophrenia demonstrated similar lateralization patterns as the male control participants. 
The discrepancy between previous findings and our results may be found in differences in 
task demands. When task demands are not too high, patients with schizophrenia may be 
able to compensate to a certain degree by increasing brain activity (Callicott et al., 2003). 
Higher task demands may possibly lead to a decrease in language-related left-hemispheric 
involvement, resulting in a bilateral distribution of brain activation. This presence of a 
compensatory mechanism was also reflected in the task performance of the schizophrenia 
group; these patients needed more time to be as accurate as the control participants. 
Previous studies in schizotypal adults did not find reduced lateralization either, which may 
also be the result of efficient compensation strategies (Carlin & Lindell, 2015; Castro & 
Pearson, 2011; Park & Waldie, 2016). In addition, these individuals typically experience less 
severe symptoms than patients with schizophrenia. Interestingly, we observed a negative 
correlation between lateralization index and positive and general psychopathology 
symptoms in our schizophrenia group. So, the lack of lateralization may not only depend 
on task complexity, and the ability to address compensatory mechanisms, but also on 
symptom severity. Men with Klinefelter syndrome, on the other hand, showed less leftward 
lateralization in the bilateral fronto-temporal network, which corroborates previous studies 
that assessed language tasks during fMRI (Itti et al., 2003; Lenroot et al., 2009; Lentini 
et al., 2013; Steinman et al., 2009; van Rijn et al., 2008). Also, compared to male control 
participants, a small but increased rightward lateralization of the salience network was 
observed, in combination with lower performance and equal reaction times, possibly 
reflecting a certain degree of impulsiveness that may characterize these men (Geschwind 
& Dykens, 2004; Wakeling, 1972). Disturbed functioning of the salience network may 
result in the assignment of too much attention towards task-related information, causing a 
heightened, though less efficient reactivity to those stimuli. As we did not observe similar 
lateralization profiles in schizophrenia and Klinefelter syndrome, we state that there might 
be different pathogenic mechanisms underlying both disorders. In this context, Klinefelter 
syndrome may thus not be an appropriate model to study schizophrenia when it comes 
to possible etiological pathways in the realm of language lateralization. Although not the 
primary focus of our study, the influence of symptom severity on functional lateralization in 
patients with schizophrenia deserves further attention. Also, the abnormal task performance 
combined with the deviating lateralization patterns may contribute to the understanding 
of psychopathological aspects of Klinefelter syndrome.Yet, it has to be noted that the 
sample of Klinefelter men was small, which is a reflection of the fact that the disorder is 
not very common. Hence, replication of this study in a larger sample of Klinefelter men is 
recommended.
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Irregularities in excitatory neurotransmitter levels, such as glutamate, may be associated 
to the trait to experience AVH (Hugdahl et al., 2015). Glutamate is abundant in the brain. 
When glutamate receptors, or NMDA receptors, are dysfunctioning or blocked by other 
neurochemical compounds, such as ketamine, schizophrenia-like symptoms may develop. 
The glutamate theory of schizophrenia therefore states that NMDA receptors play a role in 
the psychopathology of schizophrenia (Deakin et al., 1989; Javitt & Zukin, 1991). Levels of 
glutamate + glutamine (Glx; neurotransmitter and precursor) can be estimated with proton 
magnetic resonance spectroscopy (1H-MRS). Only one study has investigated Glx levels in 
relation to AVH (Hugdahl et al., 2015). We measured Glx concentrations in the white matter 
of the lateral prefrontal cortex in patients with lifetime AVH, and compared that with patients 
without lifetime AVH and control participants (Chapter 4). The patient group demonstrated 
a lower level of Glx than the control participants. However, the level of Glx was higher in the 
patients with lifetime AVH than in the patients without lifetime AVH. A similar pattern of Glx 
level was observed in patients with current AVH as compared to patients without current 
AVH in the study by Hugdahl et al. (2015). In that study, Glx levels were not only assessed in 
the bilateral inferior frontal lobe, but also in the bilateral posterior superior temporal lobe, 
yet in a smaller group of patients with schizophrenia. It may be that Glx is a mediating factor 
in patients with schizophrenia with lifetime AVH. However, as neurochemical mechanisms 
are very complex, it remains to be elucidated how the increased Glx level exactly relates to 
the trait to hallucinate. 

AVH as a result of deviant network interactions

The first section of this thesis mainly points towards the relevance of three networks in 
auditory-verbal processing and AVH: the auditory-sensorimotor network, the default mode 
network and the fronto-temporal network. The bottom-up auditory-sensorimotor network 
is composed of brain regions that are involved in the processing of auditory stimuli (Smith 
et al., 2009), and demonstrated stronger activation in response to inner speech in patients 
with the trait to experience AVH compared to patients without AVH and healthy controls 
(Chapter 2). This over-activation in patients with AVH may in part be a compensation of 
the lower gray matter volumes of temporal regions within this network (Flaum et al., 1995; 
Gaser et al., 2004; van Tol et al., 2013). Additionally, the auditory cortex has been shown to 
be activated in patients with schizophrenia before or during the experience of AVH (Dierks 
et al., 1999), reflecting increased attentional resources towards internally generated speech. 
Interestingly, while this network was more activated in patients with AVH than in the other 
two groups, less deactivation of the default mode network in the same AVH group was 
observed. In patients with schizophrenia, more positive symptoms appear to be negatively 
correlated with default mode deactivation in response to external task demands (Rotarska-
Jagiela et al., 2010; Whitfield-Gabrieli et al., 2009). This may be the result of stronger 
functional connections between the cortical midline structures that form the default mode 
network (Whitfield-Gabrieli et al., 2009). Moreover, stronger connections between cortical 
midline structures and temporal regions, as observed in patients with schizophrenia and their 
siblings (Liu et al., 2012), may account for the simultaneous activation of the two networks. 
As the default mode network is generally active during self-referential processing (Buckner 
et al., 2008), the combination of the two network activations possibly leads to an enhanced 
focus on internally generated events, and eventually to a vulnerability to experience AVH. 
This vulnerability may be strengthened by reduced integration within the fronto-temporal 
network, a network that has shown strong involvement in AVH (Jardri et al., 2011; Kuhn & 
Gallinat, 2012). The arcuate fasciculus, which is an important connection between frontal 
and temporal regions that subserves the feedforward system from language production 
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to language reception areas (Feinberg, 1978; Frith & Done, 1988), is often reported to be 
disrupted in patients with AVH (Geoffroy et al., 2014; McCarthy-Jones et al., 2015). This 
disruption prevents internally produced speech to be recognized as coming from the self 
(Feinberg, 1978; Frith & Done, 1988). In addition, an increase in AVH and positive symptoms 
has been associated with a more bilateral recruitment of the fronto-temporal network 
during language processing (Chapter 3; Sommer et al., 2001; Weiss et al., 2006). Stronger 
functional and structural inter-hemispheric connections in persons with AVH compared to 
individuals without AVH possibly underlies this bilateral distribution (Diederen et al., 2013; 
Mulert et al., 2012; Steinmann et al., 2014). Aside from the previously reported weaker 
fronto-temporal and stronger inter-hemispheric connections within the fronto-temporal 
network, we observed a tendency towards an increased connectivity between this network 
and the auditory-sensorimotor network in AVH patients as compared with the patients 
without AVH (Chapter 2). So, the results of this thesis lend further support for the idea that 
AVH are a result of anomalies in the cooperation within and between networks relevant for 
auditory-verbal processing. 
 
To further unravel the involvement of the task-positive auditory-sensorimotor, and fronto-
temporal networks and task-negative default mode network, it would be of interest to 
study the dynamic interaction between these networks during the occurrence of AVH 
and inner speech processing. When it comes to network interaction, the salience network 
may be very important. This network is primarily composed of the anterior insula and 
the anterior cingulate cortex (Menon & Uddin, 2010), and is hypothesized to serve as a 
switch between task-positive networks and task-negative networks, as it detects, filters 
and integrates relevant information (Seeley et al., 2007). In several psychiatric disorders, 
a malfunctioning salience network has been associated with the attribution of too much 
attention to external or, conversely, internal events (Menon & Uddin, 2010). In a study by 
Alonso-Solís et al. (2015), deviations in connectivity between important hubs of the default 
mode network and the salience network were identified, specifically in patients with AVH. 
As such, aberrant salience circuitry may partly underlie AVH, as the monitoring of internal 
and external information is disturbed, and too much attention is assigned towards internal 
representations (Alonso-Solis et al., 2015). The salience network together with the task-
positive fronto-parietal (central executive) and task-negative default mode networks have 
been combined in a triple network model to explain psychopathology in general (Menon, 
2011), and schizophrenia in specific (Jardri et al., 2013). A study that used an adjusted 
version of this model by adding the hippocampus as a fourth element, investigated network 
dynamics in relation to different stages of hallucinations. Indeed, it was observed that the 
salience network indeed was in control over the fronto-parietal and default mode networks, 
regardless of the stage of the hallucination. The onset of a hallucination was modulated 
by input from the left hippocampus, suggesting an important role for memory in the 
initiation of hallucinations (Lefebvre et al., 2016). Though, the results of this thesis stress 
the importance of the auditory-sensorimotor and fronto-temporal networks as task-positive 
networks and the task-negative default mode network in auditory-verbal processing. Future 
studies would therefore benefit from analyses of the dynamic interaction between these 
three networks and the salience network in relation to the occurrence of AVH or cognitive 
paradigms invoking neural networks underlying auditory-verbal processing. As such, the 
time course of the involvement of the different networks can be identified, which would 
enhance the understanding of the genesis of AVH.
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Summary Part II: Influencing neural networks with rTMS to treat key symptoms of schizophrenia 

Following the results from the first section of this thesis, the trait to experience AVH may be 
associated with increased activation within the auditory-sensorimotor network, or a failure 
to completely deactivate the default mode network (Chapter 2). Moreover, metabolic 
abnormalities within frontal white matter tracts may be related to the presence of AVH 
(Chapter 4). So theoretically, influencing these networks with brain stimulation techniques, 
such that network interaction improves, may lead to alleviation of AVH. Repetitive 
Transcranial Magnetic Stimulation (rTMS) treatment may be used to decrease activation 
in the auditory-sensorimotor network, or to deactivate the default mode network, so that 
patients become less focused on their internal representations. The first approach has 
been applied in a randomized controlled trial described in Chapter 5. Speech reception 
areas in the temporo-parietal junction (TPJ) area were targeted with low frequency rTMS, 
aimed at down-regulating the activation in this region. Whereas the majority of the previous 
trials restricted stimulation to the left hemisphere, we chose an unconventional approach 
by adding a treatment condition in which participants received stimulation of the bilateral 
TPJ area. The rationale for this set-up was inspired by the findings that not only the left 
hemisphere, but also regions in the right hemisphere were associated with AVH (Lennox 
et al., 2000; Shergill et al., 2000). In retrospect, this idea is being supported by our finding 
that patients with schizophrenia recruited the fronto-temporal network more bilaterally with 
increasing PANSS positive scores (Chapter 3). In addition, the right hemisphere may be 
dominant for emotion processing, which is relevant in the light of AVH, as AVH often have 
an emotional connotation (Daalman et al., 2011; McCarthy-Jones et al., 2014). Hence, we 
compared a new approach of bilateral TPJ area stimulation to the ‘traditional’ left-sided 
rTMS treatment condition, and sham stimulation of the left TPJ area. We randomized 51 
patients with schizophrenia and persistent AVH to one of the treatment arms. Each patient 
received ten sessions of active or sham 1 Hz rTMS over a period of ten consecutive working 
days. In the bilateral treatment condition, the left and the right TPJ area were stimulated 
consecutively in one session. Although there were large inter-individual differences, 
on average, all groups improved to some extent. However, both left and bilateral active 
stimulation did not demonstrate a superior effect over sham stimulation with regard to 
clinical measures. These disappointing results are in line with those of a number of other 
low frequency rTMS trials for the treatment of AVH (Blumberger et al., 2012; de Jesus et al., 
2011; Fitzgerald et al., 2005; Hoffman et al., 2013; Loo et al., 2010; McIntosh et al., 2004; 
Rosa et al., 2007; Saba et al., 2006; Slotema et al., 2011), and question the efficacy of this 
treatment set-up for AVH. 
 
In addition to the clinical effect of low frequency rTMS for AVH described in Chapter 5, in 
Chapter 6 of this thesis we discussed the effects on a neural level. We investigated these 
effects by administering fMRI scans before and after the treatment period in a subsample 
of 24 patients. During scanning, participants performed the similar word evaluation task 
that was used in Chapters 2 and 3, and differences in neural networks underlying the 
performance of the task were analyzed. rTMS of the left and bilateral TPJ resulted in a lower 
contribution to the bilateral fronto-temporal network of the left supramarginal gyrus. This 
region is in close proximity of the stimulation target, and may have reduced the likelihood 
of speech intrusions. Moreover, in the left rTMS group, greater network contributions were 
seen of the right superior temporal gyrus to the auditory-sensorimotor network, right 
inferior gyrus to left fronto-parietal network, and left middle frontal gyrus to the default 
mode network. These findings are line with a previous study by Horacek et al. (2007) in 
which resting-state brain metabolism after rTMS to the left TPJ area was measured. Bilateral 
rTMS on the other hand, was associated with an inhibitory effect on network contributions 
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of brain regions located away from the stimulated region. Interestingly, minor to moderate 
improvement in AVH severity was observed in the group that received left-sided rTMS, 
but not in the bilateral group. Consequently, rTMS of the left TPJ area may have partially 
restored task-related network functioning during inner speech processing, whereas bilateral 
rTMS appeared to have counteracting effects, possibly due to transcallosal inhibition. This 
interesting finding implicates that stimulation of both hemispheres with similar frequencies 
in one treatment session is not optimal. However, the limitation of this study is the small 
sample size in which the results have been observed. Hence, the suggestions of potential 
neural mechanisms underlying rTMS for hallucinations need corroboration in larger 
samples.

While the RCT on the unilateral and bilateral rTMS treatment of AVH was still ongoing 
(Chapter 5), we initiated an rTMS trial for the treatment of negative symptoms in which 
we also stimulated bilaterally. Reduced activation within fronto-striatal and fronto-parietal 
networks has been implicated in negative symptoms of schizophrenia (Gonul et al., 
2003; Lahti et al., 2001; Sanfilipo et al., 2002). We investigated whether high-frequency 
rTMS treatment of the dorsolateral prefrontal cortex (DLPFC) could favorably influence 
these networks, such that negative symptoms decreased (Chapter 7). In this randomized 
controlled trial, 32 patients were randomized over either active or sham 10 Hz rTMS of the 
bilateral DLPFC that was given twice daily for the duration of 15 consecutive working days. 
These treatment parameters were based on a previous meta-analysis (Dlabac-de Lange 
et al., 2010). The left DLPFC was stimulated in the morning sessions, and the right DLPFC 
was stimulated in the afternoon. In the patient group that received active rTMS treatment, 
negative symptoms decreased significantly with 15% more than in the sham group, as 
measured with the Scale for the Assessment of Negative Symptoms (SANS), our primary 
outcome measure. No group differences were observed on the PANSS. These results may 
indicate that stimulating the left and right hemisphere in separate sessions has a significant 
effect on negative symptoms, and possibly also on underlying neural networks. This was 
substantiated by the finding that prefrontal brain activation during a planning task increased 
in the patients that received active treatment (Dlabac-de Lange et al., 2015). Treatment effect 
was also evaluated with several neuropsychological tests, however, differences in cognitive 
functioning were restricted to improvement on the verbal fluency task. It can therefore be 
concluded that rTMS treatment for negative symptoms did not have convincing effects on 
cognitive functioning, but that it may be beneficial for negative symptoms.

Optimizing rTMS treatment

Based on the findings of this thesis as well as on current knowledge on brain structure 
and functioning in schizophrenia, the idea to stimulate brain regions and their underlying 
connected brain areas, in order to alleviate specific symptoms, appears legitimate. 
In practice, however, the findings of clinical trials on treatment effects do not live up to 
expectations. Meta-analyses on the efficacy of rTMS for the treatment of AVH (Slotema et 
al., 2014), and negative symptoms of schizophrenia (Shi et al., 2014) reported medium, but 
significant effect-sizes. A recent published Cochrane review on the other hand, questions 
the efficacy of rTMS for both positive and negative symptoms of schizophrenia (Dougall et 
al., 2015). Indeed, the results of the studies that have been performed over the last decade 
have not been consistent. In the rTMS trial for AVH, reported on in this thesis (Chapter 5), 
group differences were not significant. Interestingly, when zooming in on individual results, 
it appeared that some patients did benefit from rTMS, whereas others did not. Additionally, 
individual differences in treatment response were observed in our trial for negative 
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symptoms (Chapter 7). This raises the following question: how can treatment parameters 
be optimized, such that more patients can benefit from rTMS treatments? There are many 
possible factors involved in designing rTMS treatments, a few of which will be highlighted in 
the next section. Firstly, the relevance of optimizing general rTMS parameters to target the 
appropriate networks will be addressed. Secondly, we zoom in on the recent development 
of symptom-deconstruction and its consequences for rTMS treatment protocols. Thirdly, 
the possible relevance of individual factors on treatment efficacy will be discussed.

Targeting networks with rTMS

Depending on the symptoms that are aimed to be treated, choices on the stimulation 
target, coil configuration and frequency have to be made accordingly. Studies that used 
rTMS for the treatment of symptoms of schizophrenia primarily targeted brain regions in 
the left hemisphere: the left TPJ area for the treatment of AVH (see for a review: Slotema 
et al., 2014) and the left DLPFC for the treatment of negative symptoms (see for a review: 
Shi et al., 2014). In our studies (Chapters 5 and 7), we took an unconventional approach 
by stimulating bilaterally, based on the finding that the right hemisphere probably also 
contributes to processes underlying symptoms (Gonul et al., 2003; Shergill et al., 2000; 
Chapter 4). Although we found a significant group difference with bilateral rTMS for negative 
symptoms (Chapter 7), the bilateral stimulation for AVH did not prove to be superior to 
active or sham stimulation of the left TPJ area (Chapter 5). Stimulating both hemispheres in 
one treatment session, as we did for AVH, might not have been optimal (Chapter 5). This is 
substantiated by the results in Chapter 6 that bilateral rTMS appeared to have counteracting 
effects on brain response as compared to the group that received rTMS of the left TPJ area. 
This disadvantageous outcome can be explained by the observation that the effect of brain 
stimulation is not restricted to the targeted region. Inter-hemispheric connections may have 
counteracting effects in the homologue area in the contralateral hemisphere, a process that 
is referred to as transcallosal inhibition (Meyer et al., 1995; Thiel et al., 2006). In our design, 
inhibition of the bilateral TPJ area’s might have caused disinhibition of their contralateral 
homologues, producing a null-effect. Although based on different symptomatology, a 
better result is possibly achieved by stimulating the hemispheres in different sessions, as we 
did in the trial for negative symptoms (Chapter 7). As such, immediate inhibitory processes 
can be avoided. Another effective configuration could be stimulation of one hemisphere 
with high-frequency rTMS and the other hemisphere with low-frequency rTMS. Instead of 
diminishing the effect, the exciting effects of high frequency rTMS may be reinforced. This 
configuration has been successfully investigated with prefrontal rTMS for the treatment of 
depression (Blumberger et al., 2012; Fitzgerald et al., 2006), but has not been performed 
for symptoms of schizophrenia as yet.
 
Another important aspect that relates to the choice of the stimulation target is the increasing 
awareness that symptoms of schizophrenia may not only be the result of dysfunctional 
isolated brain regions, but also of dysfunctional brain networks (Andreasen et al., 1996; 
Friston, 1998; Chapter 2). In line with the previously reported increased brain activation in 
temporal language areas in patients with AVH (Jardri et al., 2011; Kuhn & Gallinat, 2012), we 
stimulated the TPJ area with inhibitory low frequency rTMS (Chapter 5). However, instead 
of only influencing the activation in the target region, activation within a broader network 
involved in AVH or negative symptoms may be changed (Chapter 6; Horacek et al., 2007; 
Kindler et al., 2013). rTMS treatment may therefore benefit from a network view. Currently, 
an RCT for the treatment of AVH is being conducted at the University Hospital Lille (France), 
in which the most optimal stimulation target is determined using functional MRI and white 
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matter tractography, during the occurrence of hallucinations (https://clinicaltrials.gov/ct2/
show/NCT01373866). With 1 Hz rTMS, it is hypothesized that the network underlying the 
genesis of AVH is positively influenced.
 
Yet, the choice on stimulation frequency has to be made based on the way a network is 
aimed to be influenced. Low frequency rTMS is assumed to work by the mechanism of 
long-term depression, and as such weakens connections, whereas long-term potentiation 
is thought to underlie high frequency rTMS und thus strengthens connections (Hoogendam 
et al., 2010). Strong but erroneous connections within a network that is involved in the 
genesis of AVH may be weakened with 1 Hz rTMS. However, an alternative approach is 
the strengthening of disrupted connections. For example, deviations in the white matter 
between frontal and temporal regions have been reported (Curcic-Blake et al., 2015). This 
connection is associated with corollary discharge, accounting for a failure to recognize 
inner speech as residing from the self, with AVH as result (Feinberg, 1978). Through high 
frequency rTMS of the frontal region, these disrupted connections may be strengthened, 
which may reduce the experience of hallucinations.
 
In addition, rTMS treatments are typically applied when patients are at rest. Yet, it is 
conceivable that effects of rTMS treatment are state-dependent. Engaging patients 
in – for instance – language tasks provided on a smartphone (http://www.isrctn.com/ 
ISRCTN75717636), combined with high frequency rTMS, might enhance the strengthening 
of the most efficient connections. This idea is supported by the finding that baseline activity 
level in the target network is associated with higher treatment efficacy (Homan et al., 
2012). Similarly, negative symptoms and cognitive functioning have been associated with 
fronto-parietal networks (Gonul et al., 2003), networks that are also activated while being 
cognitively challenged (Chapter 2; Smith et al., 2009). So, reinforcing the fronto-parietal 
network with high frequency rTMS while patients are performing for example a planning 
or working memory task, may strengthen functional connections. A similar approach has 
been conducted with the relatively new brain stimulation technique transcranial Direct 
Current Stimulation (tDCS) in patients with depressive disorder. tDCS differs from rTMS 
as it influences the neurons’ excitability, instead of actually inducing action potentials 
(Nitsche et al., 2008). Anti-depressive effects in combination with a cognitive control task 
sustained longer than tDCS alone (Segrave et al., 2014). Thus, in order to strengthen weak 
connections underlying symptoms, addressing networks while they are engaged in task 
performance may be helpful in reducing symptoms. As such, it is conceivable that strong 
connections associated with symptoms will be neglected. As the different symptoms of 
schizophrenia may have different mechanisms of action, it is of importance that the correct 
network is being addressed.

Treating subtypes of AVH and negative symptoms

In order to increase treatment efficacy, offered treatments need to be well adjusted 
to a patient’s symptom profile. With the progress in phenomenological research on 
schizophrenia and its symptoms, new insights have derived with respect to classification 
of auditory verbal hallucinations and negative symptoms. Although the phenomenological 
diversity of AVH has been acknowledged (Nayani & David, 1996), AVH are often being 
considered as one entity in rTMS treatment trials (Slotema et al., 2014). A recent factor-
analysis on phenomenological data distinguished four different subtypes of auditory 
hallucinations, each with its own putative cognitive and neural basis (McCarthy-Jones et 
al., 2014). The first and most prominent subtype is referred to as “Constant Commanding 
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and Commenting AVH”, often in a similar voice and with the same theme. Given the 
repetitive character of these AVH, they are assumed to share a common basis with 
obsessive-compulsive disorder. The neural basis is hypothesized to be located in the 
connection between the frontal and temporal lobes within and between the hemispheres. 
The second subtype are the “Replay AVH”, which are identical to memories and may be 
related to the re-experiencing of traumatic events. The subtype “Own Thoughts AVH” are 
AVH that are similar but not identical to memory. It includes reconstructions of the past 
rather than a literal recollection. It may reflect one’s own thoughts or inner speech. For 
both “Replay AVH” and “Own Thoughts AVH”, memory plays an important role and it is 
therefore assumed that the (para)hippocampal regions are involved in the genesis. The 
final category comprises the “Nonverbal Auditory Hallucinations” and may be related to 
spontaneous activation of the superior temporal gyrus. A next step for future studies will be 
to perform symptom capture studies during fMRI scanning in order to investigate whether 
the AVH demonstrate distinguishable underlying neural networks. If this distinction were to 
be true, then each subtype may benefit from its own treatment strategy (McCarthy-Jones 
et al., 2014). Conceivably, “Own Thoughts AVH” may be effectively treated with the earlier 
described high frequency rTMS of the inferior frontal gyrus, whereas low frequency rTMS of 
the TPJ area is possibly most favorable for “Nonverbal Auditory Hallucinations”. 
 
Also with respect to negative symptoms, advances have been made. In the DSM-5, negative 
symptoms are being considered as one dimension (American Psychiatric Association, 
2013). However, researchers and clinicians increasingly acknowledge that considering 
negative symptoms as one construct does not do justice to the difficulties that patients 
with schizophrenia may experience (Kirkpatrick et al., 2006). With a confirmatory factor 
analysis on PANSS data, two sub dimensions of negative symptoms have been identified 
(Liemburg et al., 2013). The items Flat affect (N1), Poor rapport (N3), Lack of spontaneity 
(N6), Motor retardation (G7), Mannerisms and posturing (G5), and Avolition (G13) showed 
the highest loading on a factor that was referred to as “expressive deficits”. A second factor 
“social amotivation” was composed of the items Passive apathetic/social withdrawal (N4), 
Emotional withdrawal (N6), and Active social avoidance (G16) (Liemburg et al., 2013). 
Similar to the subtyping of AVH, different cognitive and neural bases may underlie these 
subtypes of negative symptoms. In an fMRI study with patients with psychotic disorders, it 
was demonstrated that social amotivation was negatively correlated with brain activation 
in fronto-thalamic and fronto-parietal networks during a planning task (Liemburg et al., 
2015). The factor expressive deficits, on the other hand, was only negatively associated with 
brain activation in a fronto-thalamic network during an emotional perception task (Dlabac-
De Lange et al., Submitted). These results imply that both factors may be associated 
with different neural circuitries, which may have consequences for the stimulation target 
for rTMS. However, future research should further elaborate on the different subtypes of 
negative symptoms and their underlying cognitive and neural basis.

Individual factors

Response to rTMS treatment may also depend on individual factors, for example brain 
morphology and excitability. Patients with schizophrenia have been reported to have 
thinner and less dense gray matter (Modinos et al., 2013; van Haren et al., 2011), which 
reduces excitability (List et al., 2013). Moreover, due to cortical thinning, the distance 
between the cortex and the skull may be increased. The area in between, which is filled 
with cerebrospinal fluid, may not distribute TMS pulses as efficiently as gray matter tissue 
(Bijsterbosch et al., 2012). The most common method to define stimulation intensity for 
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treatment, is by determining the excitability of the primary motor cortex of the dominant 
hand (Schutter & van Honk, 2006). However, treatment occurs usually by stimulation of the 
temporal or prefrontal areas, regions that may be subject to cortical thinning (Modinos et 
al., 2013; van Haren et al., 2011). Hence, scalp-to-cortex distances of the target areas may 
be larger than in the primary motor area, and consequently, higher stimulation intensities 
are required. In a recent study by Nathou et al. (2015), the influence of cortical thinning and 
greater scalp-to-cortex distance was investigated in a sample of patients with schizophrenia. 
Indeed, they found that higher gray matter density and lower scalp-to-cortex distance of 
the stimulated area were predictive for treatment response in patients that received rTMS 
to reduce AVH. We are currently performing analyses to see if we can validate Nathou et 
al.’s findings in the study samples of patients that received rTMS treatment for AVH and for 
negative symptoms (Kos et al., In preparation).
 
Another individual-dependent factor that may prove to be important is baseline excitability 
of the stimulation target, which is necessary for neurons to connect with other neurons. This 
connectivity is achieved by the creation of new neuronal pathways in reaction to stimuli. 
The extent to which this is possible is termed synaptic plasticity. In healthy participants, 1 
Hz rTMS of the motor cortex showed a decrease in cortical excitability as indicated by an 
increased resting motor threshold (RMT), whereas RMT did not change in patients with 
schizophrenia, independent of medication status (Fitzgerald et al., 2004). This finding was 
substantiated with other non-invasive brain stimulation techniques (Bhandari et al., 2016), 
which all together provides evidence that cortical excitability and thus neural plasticity in 
patients with schizophrenia is affected. Hence, stimulation effects with rTMS in patients 
with schizophrenia may not be comparable to that in healthy volunteers. Whereas baseline 
connectivity measures have been performed in rTMS treatment trials for patients with 
depressive disorders (for a review see: Silverstein et al., 2015), these associations are barely 
studied in patients with schizophrenia (Homan et al., 2012), partly because MRI scanning 
has been omitted from most rTMS trails. So, in order to shed more light on the predictive 
value of brain-dependent factors for rTMS treatment response, combining rTMS trails with 
neuroimaging is warranted. In addition, individual characteristics such as demographic and 
clinical factors, as well as genetic factors may play a role in the differences in treatment 
response, as is shown in patients with depressive disorders (Fregni et al., 2006; Lisanby 
et al., 2009; Manes et al., 2001; Mosimann et al., 2002; Nahas et al., 2001; Wu & Baeken, 
2016). However, until date, such factors related to rTMS treatment response are less well 
investigated in patients with schizophrenia.

Towards an individualized rTMS treatment

With the application of many different neuroimaging techniques and analyses methods, 
evidence for the disconnection hypothesis of schizophrenia has expanded over the last 
decade. Activity within and interplay between three networks may be disturbed during 
auditory verbal processing in patients with AVH: the auditory-sensorimotor network, the 
default mode network and the bilateral fronto-temporal network. Moreover, fronto-parietal 
networks have previously been associated in negative symptoms of schizophrenia (Gonul 
et al., 2003). Stimulating these networks with the non-invasive brain stimulation technique 
rTMS may favorably influence the interaction between brain networks, such that it alleviates 
symptoms. Due to differences in treatment efficacy, overall effect sizes of meta-analyses may 
not be convincing. A next step in brain stimulation studies for symptoms of schizophrenia 
therefore concerns the optimization of treatment parameters. It is of importance that 
researchers and clinicians further investigate which factors and characteristics play a role in 
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treatment response, in order to eventually develop individual-tailored treatments. Yet, it has 
to be noted that it will take many research efforts before this goal will be reached.
 
An innovative randomized controlled trial that applies several described recommendations 
is the Apathy Study, which is being performed at the University Medical Center Groningen. 
Based on the new approach to negative symptoms, patients with schizophrenia are 
included when they suffer from apathy (social amotivation) and can be treated with a novel 
application of rTMS, which is referred to as theta burst stimulation (TBS). In this stimulation 
protocol, repeated high-frequency bursts of three pulses are given on the prefrontal cortex, 
and is considered to be more effective than regular rTMS. Treatment effect is evaluated with 
apathy rating scales and extensive neuroimaging. Moreover, in a subgroup of participants, 
the TBS treatment is followed by Behavioral Activation Therapy (Mairs et al., 2011), to 
help the participant bringing his or her newly acquired energy, motivation or volition into 
practice. Such integration of biological and psychosocial therapies seems promising, since 
treatment with medication or brain stimulation alone does not bring a partner, job or a social 
network into a patient’s life. Although these interventions may certainly help the patient, 
additional guidance or coaching may be necessary to regain active participation in society.

Concluding remarks

Symptoms of schizophrenia are being considered as resulting from a failure of brain 
networks to function properly, a perspective that is supported by the findings of this thesis. 
Both auditory verbal hallucinations and negative symptoms of schizophrenia might profit 
from treatment with rTMS, as it might restore brain network communication to a level 
that is seen in healthy persons. However, as there is large inter-individual variability in 
treatment efficacy, a next step in rTMS treatment studies is the identification of predictors 
of response, for example demographical and brain morphological factors. Furthermore, 
as it is more and more understood that distinct symptoms of schizophrenia have distinct 
underlying neural mechanisms, treatment studies might benefit from focusing on specific 
symptoms. Neurostimulative treatment studies are preferably combined with psychosocial 
interventions. As such, we might be able to improve the quality of life of many patients with 
schizophrenia.
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