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Whisper your name in an empty room
You brush past my skin

As soft as fur
Taking hold

I taste your scent
Distant noises
Other voices

Pounding in my broken head
Commit the sin
Commit yourself

And all the other voices said
Change your mind

You’re always wrong
Always wrong

Come around at christmas
I really have to see you

Smile at me slyly
Another festive compromise

But I live with desertion
And eight million people

Distant noises
Of other voices

Pulsing in my swinging arms
Caress the sound

So many dead
And all the other voices sing

Change your mind 
You’re always wrong

‘Other Voices’ - The Cure
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 1‘What on earth are you doing?’ For the past four years, this remark popped into 
my head on a regular basis. I frequently experienced it as a vivid thought in situations 
where I was having problems controlling my computer scripts.  Now, at the time, I 
was fully aware that this comment was expressed as an inner voice or inner thought. 
I would have experienced it quite differently, if one of my colleagues had been in the 
same room, observed my behaviour and then expressed their surprise using a similar 
phrase. In the latter case, the comment would come from an external source and I 
would experience it as a voice that was talking to me. Luckily for me, I was alone and I 
was aware that this inner voice arose from my own thoughts. 

In contrast, some people experience the same kind of comments on their own 
behaviour in a very different way: comments are not attributed to inner thoughts or 
inner voices, but rather to an external source, like ´real´ voices. People with such experi-
ences can be roughly divided into two groups. In the first group, the experience of 
‘hearing voices’ occurs in healthy subjects. Nearly everyone has had the experience of 
hearing a voice while there was no-one around at least once in their life. A small group 
of people experiences these voices more often, for example daily. Subjects in this group 
do not report this as being an unpleasant experience, they rather regard these voices as 
an enrichment to their lives.

The second group of subjects that experiences voices consists of patients with a 
psychiatric illness. In contrast to the first group, consisting of healthy individuals, the 
voices in this group appear much more frequently and are somewhat less subtle in their 
expressions. The voices are rather rude and can have a negative emotional valence. The 
experience is therefore an unpleasant one, and it is very hard to get a grip on these 
voices.

These so-called voices, or auditory verbal hallucinations (AVH) are a common 
and persisting symptom in schizophrenia, a complex and severe psychiatric illness. 
Anti-psychotic medication can reduce some of the symptoms of schizophrenia but, 
unfortunately, it is not effective in reducing AVH in a subset of patients. This urges the 
need to gain more insight into the pathophysiology of AVH. Unravelling the mecha-
nisms underlying AVH may eventually lead to the development of novel treatments 
that are able to relieve the symptoms in this patient population. Neuroimaging and 
neurostimulation are powerful neuroscientific tools that may enable us to disentangle 
the complex brain mechanism that underlies AVH.  

The aim of the research described in this thesis was to investigate AVH using several 
different neuroscientific tools. In this introduction, a brief overview regarding AVH 
and its aetiology is presented, followed by a discussion of the main instruments that 
have been used previously to investigate brain structure and function. Finally, the aims 
and outline of this thesis will be presented at the end of this chapter.
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1. Auditory verbal hallucinations
AVH is the experience of an auditory verbal percept in the absence of an actual audi-
tory stimulus. Such AVH consist of words or complete sentences and are, therefore, 
experienced as a voice. The phenomenology of AVH is quite diverse, and differs mainly 
in frequency, content of the message, duration, loudness, location (inside/outside the 
head) of the experienced voice, structure of the message (words or phrase) and number 
of voices. Some subjects experience AVH only a few times a week, while others hear 
highly emotional messages from different voices several times per hour.

AVH can occur as a symptom of a number of different conditions, for example 
in neurologic pathologies such as Alzheimer’s disease (Bassiony and Lyketsos, 2003), 
Parkinson’s disease (Inzelberg et al., 1998) and epilepsy (Currie et al., 1971). In addi-
tion, AVH occur in the general (healthy) population, in which case it is often the result 
of hallucinogenic drug or alcohol abuse (Asaad and Shapiro, 1986). However, AVH can 
also occur without any apparent cause, albeit only in a relatively small part (1.5-3.5%) 
of the general population (Tien, 1991, Sidgwick et al., 1894).

AVH are most frequently experienced in psychiatric disorders, e.g. in bipolar disor-
der (18 %) (Goodwin and Geddes, 2007) and in borderline personality disorder (50%) 
(Kingdon et al., 2010),  but they are by far most prevalent (60-80%) in schizophrenia 
(Andreasen and Flaum, 1991). AVH are a common and stressful symptom of schizo-
phrenia and a significant proportion of these patients, namely 25-30 %, fail to respond 
to medication (Shergill et al., 1998).  A thorough investigation of the neuropathology 
of AVH may provide clues for new treatment strategies for this symptom and help a 
large group of patients.  

2. Aetiology of AVH in schizophrenia
Because AVH occur most frequently in patients with schizophrenia, two models regard-
ing the origin of AVH in schizophrenia will be presented below. The first model is 
based on a cognitive explanation of AVH. The second is based more on observations 
with functional neuroimaging and clinical examples, and can be considered a neurobio-
logical explanation. Nevertheless, it is important to realize that both presented models 
are not mutually exclusive.

Both models offer the rationale underlying later chapters of this thesis. 

2.1 Misinterpretation of inner speech
Inner speech is a form of self-produced covert speech and is sometimes called ‘verbal 

thoughts’.  In the first model of AVH, it is assumed that a defect in self-monitoring 
of this inner speech causes a misattribution of verbal thoughts. Thus, a self-produced 
verbal concept will no longer be recognized as self-produced, but rather attributed to 
an external cause and experienced as AVH (Feinberg, 1978; Frith, 1992).  The concept 
of self-monitoring was first described by Von Helmholtz (1925) in the visual system 
and later more specifically by Von Holst and Mittelstaedt (1950) and Sperry (1950). 
They suggested that a motor action is accompanied by an efferent copy of this action 
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that produces a corollary discharge (CD) in the sensory cortex in order to prepare the 
senses for the impending sensation. This is most clearly explained by the example that 
we cannot tickle our self, at least we can perform the action, but it evokes a completely 
different sensation than when someone else performs the action of tickling you. 

A defect in the CD mechanism might explain why patients with schizophrenia do 
not recognize their self-generated inner speech (Ford et al., 2007). In this case, it would 
be reasonable to assume that CD signalling would occur mainly between the primary 
auditory regions, namely the inferior frontal gyrus (production) and the temporopari-
etal regions (perception). Indeed, the involvement of these areas in self-monitoring has 
previously been demonstrated with functional MRI (fMRI).  For example, McGuire 
(1995) reported reduced activation in medial temporal gyrus and the rostral supple-
mentary motor area in subjects with AVH who performed a verbal imagery task. These 
regions showed normal activation in healthy subjects and non-hallucinators. In addi-
tion, in right parietal, temporal and subcortical inner speech related regions Shergill 
(2000; 2003) showed reduced activation. Recently, Whitford (2011) demonstrated that 
the defect in CD may be associated with the integrity of white matter connections (i.e. 
the arcuate fasciculus) between the primary language areas. 

In this study, subnormal N1 suppression to self-generated speech (an EEG modality 
which should reflect CD) correlated with decreased fractional anisotropy (FA) values in 
the AF. This latter measure is a reflection for white matter integrity. 

2.2 Language lateralization and transcallosal inhibition
A second model states that AVH arise from unconscious language generation by Broca’s 
right-sided homologue, accompanied by decreased language lateralization.

In the normal population, the left hemisphere is predominantly used for a language 
task. This phenomenon of functional specialization to either the left or right hemisphere 
is called lateralization.  However, in patients experiencing AVH, the right hemisphere 
appears to be involved in performance of a language task as well, in contrast to healthy 
subjects. Therefore, in schizophrenia, language lateralization is reduced, reversed or 
even absent (Artiges et al., 2000; Sommer et al., 2001; Kircher et al., 2002). The right-
sided homologue of Broca, which becomes activated during these language tasks, is 
capable of language function, but to a much lesser extent. This has been demonstrated 
in (amongst others) aphasia patients (Winhuisen L, 2005; Voets et al., 2006). The right 
hemisphere also appears to be involved in automated speech (Smith and Burklund, 
1966; Zangwill, 1967), which shows resemblances with the structure/complexity of the 
AVH in schizophrenia (Gould, 1950).

A possible mechanism that regulates this hemispheric specialization is transcal-
losal inhibition (Cook, 1984; Bloom and Hynd, 2005), which occurs via projections 
through the corpus callosum. During brain activity, inhibiting signals are sent to the 
contralateral hemisphere in order to suppress activation in the homologue region. It has 
been demonstrated with transcranial magnetic stimulation (TMS) that this mechanism 
is present in the motor system (Ferbert et al., 1992) in healthy subjects,  but absent in 
subjects with schizophrenia (Daskalakis et al., 2002; Fitzgerald et al., 2002). A similar 
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defect may also be present in the transcallosal inhibition in the language system (Thiel 
et al., 2006) and this might result in spontaneous activity of the right hemisphere, 
which then disturbs normal monitored language processes. Interestingly, activation of 
Broca’s homologue in the right hemisphere was previously observed during AVH as 
measured with fMRI (Sommer et al., 2008). The question remains, however, whether 
a defect in transcallosal inhibition in the language system is the mechanism underlying 
AVH in schizophrenia patients.

Substantial evidence exists for both of the aforementioned models of AVH, namely 
that altered activation in, and aberrant connectivity between, language areas in patients 
with schizophrenia might play an important role in the symptoms of AVH. This suits 
the general hypothesis regarding schizophrenia as a disorder of disconnectivity i.e. 
abnormal functional integration of brain processes (Frith, 1992; Karlsgodt et al., 2008; 
Konrad and Winterer, 2008). This disconnectivity might be caused by changes in white 
matter (WM) structure  (Walterfang et al., 2006). Therefore, the next paragaphs will 
focus on the investigation of inter-hemispheric and intra-hemispheric connectivity in 
patients with schizophrenia using various neuroscientific tools. 

3. Tools in neuroscience to investigate inter- and intra-hemispheric 
connectivity

One of the major advantages of Magnetic Resonance Imaging (MRI) is the fact that 
it is non-invasive, in contrast to other imaging modalities such as CT or PET. Fur-
thermore, the introduction of functional MRI (fMRI) in the early nineties allowed us 
to study brain function in addition to brain structure (Ogawa et al., 1990b). Around 
the same time, diffusion weighted imaging (Moseley et al., 1991) entered the field of 
neuroimaging, which enabled the investigation of white matter in the brain. This was 
soon extended by tractography, with which the white matter tracts in the brain could 
be reconstructed (Mori et al., 1999).

 In 1985, Anthony Barker (Barker et al., 1985)  was the first to perform a cortical 
stimulation experiment using transcranial magnetic stimulation (TMS). Because TMS 

Figure 1: MRI modalities (a) T1 anatomical scan, (b) Color map with directional information extracted 
from DTI scans, (c) MTI scan, (d)  BOLD fMRI scan

a.                  b.      c.          d. 
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allowed making causal inferences of brain function by non-invasive stimulation of the 
brain and the observation of changes in behaviour as a result of this stimulation, it 
was soon adapted as an instrument in (cognitive) neuroscience and became a widely 
used technique. In the following paragraph these MRI techniques and TMS will be 
discussed in more detail. 

3.1 Basic principles of MRI
Magnetic resonance (MR) images are acquired in an MRI scanner. A large electromag-
net generates a static magnetic field, with a field strength between 1-9 Tesla, depending 
on the type of scanner. 

The static magnetic field (B0) causes the water hydrogen protons in the body to 
align with this magnetic field (magnetized), the so-called equilibrium state. When 
energy is added to this system, by the transmission of a radio frequency (RF) pulse 
(electromagnetic wave), these protons flip out of their aligned state towards a high 
energy state. After the pulse, the protons will return from the unstable high energy 
state towards the more stable equilibrium state and therefore realign with the B0 field. 
During this process the protons emit energy in the type of a RF signal, which is the 
actual MR signal that is measured. In order to generate a RF pulse and not much later 
measure the emitted MR signal, an MRI scanner is equipped with an antenna system, 
or more specific transmitter-receiver coils. These coils need to be as close as possible to 
the source of the received MR signal. Therefore, in neuroimaging, the head is placed in 
a helmet, which resembles a bird cage, which contains the transmitter receiver coils that 
are capable of acquiring signals from deep inside the brain. Finally, in order to generate 
an image with MRI, we need to know where the signal originates from inside the brain. 
Therefore, a complex switching of gradients, which are built inside the MR scanner, is 
used. With these gradients, along all three dimensions, the magnetic field properties 
that a proton experiences, can be altered locally. In combination with oscillating RF 
pulses, spatial information from the MR signal can then be extracted in order to build 
an image. Eventually a 3D image is presented, which consists of voxels (cubic shapes 
elements or volumetric pixels) with an intensity value. See figure 1 for examples of the 
different MR modalities used in this thesis.

3.2 Structural MRI
The oldest MRI technique is structural imaging, which provides information regard-
ing brain structure. The contrast present in this type of scan allows us to differentiate 
between different types of tissue in the brain, especially between grey matter (GM), 
white matter (WM) and cerebral spinal fluid (CSF). It allows us to measure volume 
and shape of various brain structures, but it does not provide information on the 
microstructure of brain tissue itself. Information on the microstructure is especially of 
interest in white matter tissue, which consists of large, parallel bundles of axons that 
connect distant grey matter brain regions. Unfortunately, it is not possible to distin-
guish between the different white matter bundles with conventional structural MRI 
scans (in these scans white matter appears to be a homogeneous tissue). However, the 
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fact that the axon bundles run parallel, can help us to differentiate between different 
white matter bundles. An MRI technique that can provide such information on the 
microstructure of brain tissue is diffusion tensor imaging (DTI) (Le Bihan et al., 2001). 

3.3 Diffusion Tensor Imaging
DTI is a technique that measures the diffusion of hydrogen protons in brain tissue. 
In an environment without restrictions, for example in CSF, this diffusion is equal 
in all directions (isotropic). In white matter, however, diffusion is restricted by cell 
membranes, myelin, neurofilaments and microtubules (Beaulieu, 2002). The diffusion 
pattern in this tissue will, therefore, be anisotropic, and mainly parallel to the direction 
of the axons. 

In order to achieve an accurate representation of diffusion in the brain, several 
measurements are required, in different directions. At least six directions are necessary 
to model the diffusion pattern as a tensor. The principal diffusion direction and diffu-
sion strength, largest eigenvector (v1) and eigenvalue (λ1) are derived from this tensor 
(figure 2). In addition, it is possible to construct a scalar fractional anisotropy (FA) 
(Basser and Pierpaoli, 1996). This FA represents directionality in white matter and is 
considered to be a reflection of white matter integrity (Beaulieu, 2002). However, a 
limitation of DTI becomes apparent when fibers with different directions pass through 
the same voxel. A diffusion measurement of such a voxel will not reveal one primary 
diffusion direction, as there are multiple fibers and hence multiple diffusion directions. 
Eventually this will result in relatively low values of FA. Thus, a low FA value does not 
necessarily imply a decrease in WM integrity; it might also reflect the existence of more 
principal diffusion directions. 

3.4 Tractography
After the acquisition of directionality information using DTI, it is possible to recon-
struct complete white matter fiber tracts (figure 3) by using fibertracking algorithms 
(Mori & van Zijl, 2002). A frequently used algorithm is the line propagation method 
or deterministic approach. An example of this approach is the fiber assignment by 

Figure 2. (a) Diffusion is measured along different directions. Based on these measurements the diffusion 
pattern is defined as a tensor (b) with orientation (eigenvector v) and diffusivity (eigenvalue λ). λ1 represents 
diffusivity along the principal diffusion direction (v1). (adapted from Mori 2006)

       a.     b.
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continuous tracking (FACT) algorithm. In this algorithm the largest eigenvector, i.e. 
principal diffusion direction, is used for propagation of the fiber. Low anisotropy or 
sharp angles in directionality can be used as stopping criteria for line propagation. In 
this thesis, the FACT algorithm was applied in chapters 2, 3 and 6. Due to the limited 
resolution used for the acquisition of DTI data, we are only able to reconstruct large 
bundles and unable to differentiate between individual axons. In addition, it is not pos-
sible to determine the direction of the neural signal that was propagated in the axons. 

3.5 Magnetization Transfer imaging 
Additional information about the integrity of white matter tracts can be obtained by 
combining DTI with magnetization transfer imaging (MTI) (Kubicki et al., 2005). 
MTI measures the transfer of magnetization of macromolecules to water molecules, 
and therefore enables the detection of macro molecules in brain tissue, including 
myelin (Wolff and Balaban, 1994; van Buchem et al., 1999; Henkelman et al., 2001; 
Barkovich, 2000). The measure most commonly used to express magnetization transfer 
in MTI is the magnetic transfer ratio (MTR).  However, the scan sequence applied in 
this thesis (chapters 2 and 3) had relatively high T1 weighting and was also sensitive to 
free water concentrations (Henkelman et al., 2001). 

In order to compare white matter tracts between groups, the MTR values and FA 
values were applied in a tract-based analysis in which these values were sampled and 
integrated along the reconstructed tracts. 

Figure 3. Reconstruction of transcallosal fibers with tractography
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3.6 BOLD Functional MRI
Functional MRI is an application of MRI that is used to measure brain function. Actu-
ally, fMRI does not measure direct neuronal activity, but rather a concurrent phenom-
enon, namely the blood oxygenation dependence level (BOLD) (Ogawa et al., 1990a) 
or hemodynamic response. An increase in neuronal activity causes a local increase in 
energy demand and, therefore, an accompanying increase in the demand for oxygen, 
which is required for adenosine triphosphate (ATP) production. The oxygenated hemo-
globin present in arterial blood is diamagnetic, i.e. not susceptible for magnetization. 
After the release of oxygen from hemoglobin into the brain tissue, it becomes paramag-
netic and thus susceptible for magnetization, causing a decrease in the local MR signal. 
However, due to a process called neurovascular coupling  additional oxygen is supplied 
to active neurons by local increases in blood vessel diameter. Thus, the decrease in MR 
signal is followed by an increase in MR signal, caused by the subsequent inflow of new 
oxygenated hemoglobin. The BOLD signal measured with fMRI consists of the relative 
changes in distribution of oxy- and deoxyhemoglobin in the brain. 

By simultaneously performing fMRI and electrophysiology measurements, Log-
othesis (2001) previously demonstrated that BOLD signals reflect local field potentials 
(LFP). LFP arise because of input from other neurons and, hence, the BOLD signal 
is considered a reflection of local neuronal input.  Recently, the significance of BOLD 
signals was also examined using an optogenetics approach (Lee et al., 2010), in which 
excitatory cortical motor neurons in a rat brain were genetically altered by the incor-
poration of a light-gated ion channel (Channelrhodopsin-2).  These motorneurons 
were stimulated in vivo by an optical fiber during fMRI acquisition combined with 
electrophysiological recordings. The action potentials evoked by optical stimulation, 
resulted in the detection of both BOLD responses and an increase in spikes, in local 
as well as distal regions. This experiment thereby clearly showed that BOLD responses 
truly reflect changes in neuronal activity.

An fMRI session usually consists of the acquisition of a large series of brain volumes 
over time and under different conditions. In general, both a task and rest conditions 
are supplied alternately during acquisition. After modeling of the experimental design 
with a general linear model (GLM) and statistical analysis, an image (t-map) is then 
constructed that usually shows the relative changes in activation between contrasted 
conditions, for example based on the images that were acquired during performance of 
a task and images acquired during rest. 

The process underlying BOLD measurements is quite slow; the hemodynamic 
response peaks around 5 seconds and the response is smothered to baseline in ~12 
seconds. This has serious implications for differentiation between events that occur 
within the same period. In addition, fMRI results should always be interpreted with 
care, since correlation of measured activity with a certain task or condition does not 
necessarily imply causality.
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3.7 TMS
Transcranial magnetic stimulation (TMS) is a non-invasive method to stimulate the 
brain and in this way to demonstrate a causal relationship between cortical activity 
and behavior. An electromagnetic coil is used to briefly generate a strong magnetic 
field by means of a current running through the coil windings. This magnetic field 
induces a small electrical current when placed near a conductor. When the TMS coil 
is placed on the scalp, this current is induced in the upper layer of the cortex which 
depolarizes neurons and thereby results in an action potential (figure 4a). The efficacy 
of this technique can easily be demonstrated when a TMS coil is used to stimulate the 
primary motor cortex (M1). If a TMS pulse is sufficient in intensity, it will result in 
the activation of the muscles of the hand (motor evoked potential). The magnetic field 
induced by TMS does not penetrate the brain very deeply and it is limited to the outer 
layers of the cortex, in which mainly pyramidal cells are located. The effect of TMS can 
be either the activation of neurons or a brief interference with/distortion of neuronal 
processing, depending on the state of neurons and on the stimulation parameters. This 
makes TMS a helpful tool in (cognitive) neuroscience, as it allows investigation of 
causal relationships. It is a valuable addition to traditional functional MRI research, 
which only provides correlational relationships. Repetitive TMS has been used to 
investigate the function cortical areas, by temporarily decreasing neuronal activity at 
a certain location and studying the effects of this inhibition on behavior. In addition, 
application of TMS can have long term effects and is often used to induce so called 
virtual lesions (Pascual-Leone et al., 1999). It has been suggested that TMS can achieve 
long term effects in neuronal state, similar to the principle of long term depression 
(LTD) and long term potentiation (LTP) (Hallett, 2000). The ability of TMS to alter 
brain state, has initiated the application of TMS in clinical studies, where TMS is used 
as a treatment for psychiatric symptoms, such as depression or AVH in schizophrenia 
(Ridding and Rothwell, 2007). 

TMS has previously been applied in schizophrenia for several different purposes. 
‘Paired pulse TMS’, for example, is used in fundamental research and enables the 
investigation of a phenomenon called ‘transcallosal inhibition’. In this protocol a 
motor evoked potential (MEP) is induced by stimulation of the motor cortex (figure 
4b). When this test pulse is preceded, within 50ms, by a conditioning pulse aimed at 
the contralateral motorcortex, a decrease in the MEP is observed (Ferbert et al., 1992; 
Chen et al., 2003). In schizophrenia patients, transcallosal inhibition was shown to be 
impaired and anti-psychotics seem to partly restore this impairement (Daskalakis et 
al., 2002; Fitzgerald et al., 2002). In addition, repetitive TMS (rTMS) has been used 
as therapeutic tool for AVH. The first study that used TMS as a therapeutic instru-
ment for AVH was performed by Hoffman and colleagues (Hoffman et al., 1999). In 
this study a 1Hz rTMS stimulation protocol was applied. Since then, multiple studies 
investigating the effect of rTMS on AVH have been published, but with inconsist-
ent results. Meta-analyses revealed an effect size of between 0.52 and 1.05, indicating 
a moderate to large effect, however these meta analyses did not include any negative 
studies (Montagne-Larmurier et al., 2011), whereas the largest randomized clinical trial 
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(RCT) so far failed to find any difference between treatment with active 1Hz rTMS 
and placebo (Slotema et al., 2011).

In general, little is known about the neuronal mechanism underlying the effects of 
TMS. In addition, it is unknown whether (r)TMS effects are limited to local areas in 
the brain or whether they progress globally.  

TMS coil

Magnetic 
�eld

Skull

Electric current

Figure 4 (a) Principle of TMS (adapted from Ridding 2007) (b) Principle of paired pulse TMS. 
When TMS on the left M1 is preceded by a condition pulse on the contralateral M1, the MEP evoked 
by left M1 stimulation is decreased (adapted from Fitzgerald 2002)

a.      b.

Figure 5. (a) MRI compatible TMS coil and 
(b) TMS - stimulator

a.      b.
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3.8 TMS-fMRI
To study the effects of TMS on the brain, more information is required regarding TMS-
induced brain activity. This could be achieved with EEG, but fMRI has superior spatial 
properties and would, therefore, be more specific in localizing the effects of TMS. Until 
late 1997, (Bohning et al., 1997) it was considered impossible to apply TMS in an 
MRI scanner, since it requires the application of a strong magnetic field (the TMS 
coil) within the magnetic field of another strong magnet (the B0 field). In principle, 
this would diminish the quality of the images because the B0 field would be disturbed 
locally. Therefore, a complex setup is necessary to acquire images of reasonable quality. 
In the late nineties, Bohning (Bohning et al., 1997, 1999; Bohning, 1998) pioneered in 
the application of TMS in an MRI setup. He was the first to demonstrate the feasibility 
of concurrent TMS-fMRI. After this, only a few other groups implemented concurrent 
TMS successfully.

Currently available papers on concurrent TMS-fMRI, are more or less limited to 
the investigation of TMS on medial cortical areas (Bohning et al., 1999; Bestmann 
et al., 2005; Ruff et al., 2009). Although, this location includes interesting areas such 
a primary, pre and supplemental motor cortex, other interesting networks such as 
language-related areas have thus far remained unexplored. The main reason for this 
limitation is that an MRI headcoil limits the space around the head and thereby the 
freedom in choosing stimulation locations. Usually an open birdcage coil is used; 
however this does not leave much room to manoeuvre the coil, except for the medial 
locations. A broader application of TMS-fMRI would be possible, in an MR setup in 
which TMS coil positioning and the subject’s head position were less restricted.

A second advantage of increased flexibility in TMS coil positioning is related to the 
serious electromagnetic issues that occur with TMS-application in a MRI scanner. A 
TMS coil in a static magnetic (B0) field causes strong torque reactions inside the TMS 
coil during a TMS pulse (~100-400 μs). The casing of the MR-compatible TMS coil 
is able to cope with these internal forces, but the TMS pulse does induce a loud click 
sound. The magnitude of torque reactions and the sound level of the click increases 
when the TMS coil is placed in a position that is more parallel to B0 field. Conversely, 
this could be reduced by placement of the TMS coil in an orientation perpendicular to 
the B0 field, which could be achieved relatively easily in a setup with more room and 
freedom for coil and head positioning.

So far, it is unknown whether the effects of TMS are limited to a local effect (directly 
below the TMS coil center) or whether they may appear more globally in the brain. The 
possibility to relate stimulation of a TMS target site to the evoked fMRI activation 
pattern would, therefore, be of great value to gain more insight into the localisation of 
TMS effects throughout the brain. 

In this thesis, repetitive TMS (rTMS), as a therapeutic tool, and single pulse TMS 
(spTMS) during fMRI acquisition were used.
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4. Aims & Outline
The aim for the research presented in this thesis was to gain more insight into the 
pathophysiology of AVH. We, therefore, applied several combinations of imaging 
modalities and developed a TMS-fMRI setup that increases the opportunities for future 
research. 

In chapter 2, we will focus on the arcuate fasciculus, which is the main white matter 
tract connecting the primary language regions in the brain. A defect in the corollary 
discharge mechanism, which might explain the occurrence of AVH, could be reflected 
in changes in the structure of this white matter tract. This was investigated using a 
combination of DTI and MTI in a group of schizophrenia patients with severe AVH.

In chapter 3, we continued our investigation of the arcuate fasciculus. In this 
chapter, we also included a group of non-psychotic individuals that experienced AVH, 
in order to address the question whether previous findings in schizophrenia peatinets 
were related specifically to AVH or to schizophrenia in general. 

In chapter 4, the efficacy of a high-frequency rTMS protocol was investigated, since 
rTMS as a treatment of AVH has previously yielded mixed results in efficacy. New 
stimulation protocols, such as high-frequency rTMS may be promising in this respect. 
Therefore, we compared the efficacy of a new high-frequency protocol as treatment for 
AVH with a 1Hz protocol aimed at the same target area. 

In chapter 5, a new setup is presented for TMS during fMRI acquisition. Due to 
technical limitations, previous TMS-fMRI research was limited to the investigation 
of medial areas in the brain, leaving other interesting brain regions undiscovered. The 
new setup, described in this chapter, allows for the stimulation of more regions on the 
cortex, such as the temporal and parietal regions. In addition, this chapter describes 
several possibilities to reconstruct the coil position in fMRI scans, after termination of 
the actual TMS-fMRI experiment. Such reconstructions were not performed previously. 

In chapter 6, we performed a follow-up study using the same TMS-fMRI setup. The 
aim was to create more freedom in coil positioning to enable stimulation of lateral brain 
areas in the MRI scanner. By stimulation of the temporo-parietal region using TMS in 
healthy volunteers, followed by measurement of local and distal BOLD-responses, we 
demonstrated the feasibility of the investigation of inter-and intra-hemispheric connec-
tivity with concurrent TMS-fMRI,. At the end of this chapter, the implications of our 
findings are discussed, i.e. how this technique can be applied to yield more information 
regarding inter-and intra-hemispheric connectivity in hallucinating brains.

In chapter 7, the main findings presented in this thesis will be briefly summarized 
and discussed in view of previous research.
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I was tryin’ to find my way home
But all I heard was a drone

Bouncing off a satellite
Crushin’ the last lone American night

This is radio nowhere, is there anybody alive out there?
This is radio nowhere, is there anybody alive out there?

I was spinnin’ ‘round a dead dial
Just another lost number in a file

Dancin’ down a dark hole
Just searchin’ for a world with some soul

This is radio nowhere, is there anybody alive out there?
This is radio nowhere, is there anybody alive out there?

Is there anybody alive out there?

I just want to hear some rhythm
I just want to hear some rhythm
I just want to hear some rhythm
I just want to hear some rhythm

I want a thousand guitars
I want pounding drums

I want a million different voices speaking in tongues

This is radio nowhere, is there anybody alive out there?
This is radio nowhere, is there anybody alive out there?

Is there anybody alive out there?

I was driving through the misty rain
Searchin’ for a mystery train

Boppin’ through the wild blue
Tryin’ to make a connection to you

This is radio nowhere, is there anybody alive out there?
This is radio nowhere, is there anybody alive out there?

Is there anybody alive out there?

I just want to feel some rhythm
I just want to feel some rhythm
I just want to feel your rhythm
I just want to feel your rhythm

‘Radio Nowhere’ - Bruce Springsteen
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Abstract 
Auditory verbal hallucinations (AVH) is a common and stressful symptom of schizo-
phrenia. Disrupted connectivity between frontal and temporo-parietal language areas, 
giving rise to the misattribution of inner speech, is speculated to underlie this phenom-
enon. Disrupted connectivity should be reflected in the microstructure of the arcuate 
fasciculi (AF); the main connection between frontal and temporo-parietal language 
areas. 

In this study we compared microstructural properties of the AF and three other 
fibertracts (cortical spinal tract, cingulum and uncinate fasciculus), between 44 schizo-
phrenia patients with chronic severe hallucinations and 42 control subjects using diffu-
sion tensor imaging (DTI) and magnetic transfer imaging (MTI). 

The DTI scans were used to compute fractional anisotropy (FA) and to reconstruct 
the fiber bundles of interest, while the MTI scans were used to compute magnetic 
transfer ratio (MTR) values. 

The patient group showed a general decrease in FA for all bundles. In the arcuate 
fasciculus this decreased FA was coupled to a significant increase in MTR values.  A 
correlation was found between mean MTR values in both arcuate fasciculi and the 
severity of positive symptoms. 

The combination of decreased FA and increased MTR values observed in the 
arcuate fasciculi in patients suggests increased free water concentrations, probably 
caused by degraded integrity of the axons or the supportive glia cells. This suggests that 
disintegrated fiberintegrity in the connection between frontal and temporo-parietal 
language areas in schizophrenia patients is associated with their liability for auditory 
verbal hallucinations. 
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1. Introduction
Auditory verbal hallucinations (AVH) are a core symptom of schizophrenia, which 
underlying neurobiology is still largely unclear. Unravelling its pathophysiology may 
provide clues for new treatment strategies for the 25% of patients who fail to respond 
to current antipsychotic medication (Shergill et al., 1998).

Recent functional magnetic resonance imaging (fMRI) studies have revealed 
important aspects of the neurobiology of AVH. Several brain areas consistently showed 
activation during AVH (Jardri et al., 2010), such as the right and left temporo-parietal 
cortices and Broca’s area and its right-sided homologue (Shergill et al., 2000; Sommer et 
al., 2003, 2007, 2008; Hoffman et al., 2007; Diederen et al., 2010). Temporo-parietal 
activation during AVH probably reflects the perception of speech, while activity in the 
bilateral inferior frontal areas suggests the production of language. Words produced 
in these areas may be experienced as AVH. It is unclear, however, why patients do not 
recognise these words as self-produced, but rather attribute them to an external source. 
Ford and colleagues (2007) pointed to malfunction of the corollary discharge mecha-
nism: a neuronal circuit that suppresses the sensory consequences of self-generated 
actions. Such systems are well known in the visual system, but also serve the auditory 
language circuit (Paus et al., 1996). EEG and ERP studies showed that where healthy 
individuals suppress auditory perception areas during speech, this suppression is 
decreased in schizophrenia patients (Ford et al., 2007; Heinks-Maldonado et al., 2007) 
. Insufficient corollary discharge in the language system could result from disrupted 
communication between frontal and temporo-parietal areas (Whitford et al., 2011). 
Such disturbed connectivity could result from microstructural alterations in the arcuate 
fasciculi, the most important fiber bundle between Broca’s area and Wernicke’s area 
(Lichtheim, 1885). 

Diffusion tensor imaging (DTI) can measure structural connectivity in the human 
brain for specific white matter bundles. Fractional anisotropy (FA) is a measure of direc-
tionality of the axons forming the fiber bundles and is often used as an index of fiber 
integrity and, to a lesser extent, myelination (Beaulieu, 2002). Decreased FA, along 
with increased diffusivity within prefrontal and temporal lobes, as well as abnormalities 
within the fiber bundles connecting these regions are frequent findings in schizophrenia 
(Kubicki et al., 2007). Three studies have specifically measured the arcuate fasciculus in 
hallucinating schizophrenia patients using DTI (Hubl et al., 2004; Seok et al., 2007; 
Shergill et al., 2007), reporting decreased FA values of this bundle. 

More specific information about abnormalities of white matter tracts can be 
obtained by combining DTI with magnetization transfer imaging (MTI) (Kubicki et 
al., 2005). MTI is sensitive to macro molecules in tissue including myelin (Wolff and 
Balaban, 1994; van Buchem et al., 1999; Barkovich, 2000; Henkelman et al., 2001). 
A measure of this magnetization transfer is usually expressed as magnetic transfer ratio 
(MTR).  However, sequences with relatively high T1 weighting (as used in this study) 
are also sensitive to free water concentrations (Henkelman et al., 2001). By combining 
the MTR results with the FA results we can differentiate between these two possible 
explanations. With increasing myelin concentration one would expect an increase in 
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MTR as well as a decrease in radial diffusivity and an increase in FA (Gulani et al., 
2001). However if the level of free water increases (e.g. as a result of degradation of 
its microstructure) then also an increase in MTR may be expected but no decreases 
in radial and axial diffusivity. In fact, if the increase in free water is for instance due to 
a less dense packing of axons then an increase in radial diffusivity and hence a reduc-
tion in FA may be expected. Thus, low values of both FA and MTR would point to 
decreased myelin, while low FA values associated with high MTR suggest increased 
free water concentrations, probably caused by degraded integrity of the axons or the 
supportive glia cells.

In this study we investigated microstructural connectivity between the frontal and 
temporo-parietal language areas in schizophrenia patients with chronic hallucinations 
and matched controls. Mean FA values and mean MTR were determined along the left 
and right arcuate fasciculi. In order to make inferences about specificity of our find-
ings, the same measures were taken from three other tracts, namely the cortico spinal 
tract (CST), cingulum (CGL) and uncinate fasciculus (UF). These different tracts were 
chosen for anatomical reasons, because they share directional components with the AF, 
rather than their functional role in schizophrenia. We hypothesize that FA and MTR 
values integrated along the arcuate fasciculus are specifically affected in the patient 
group, which may underlie their predisposition for AVH. 

2. Methods
2.1 Participants
Forty-four patients diagnosed with schizophrenia and 42 healthy controls, matched for 
age, gender and handedness participated in this study. All patients were recruited from 
the psychiatry department of the University Medical Center Utrecht. Patients were 
diagnosed using the Comprehensive Assessment of Symptoms and History interview 
(CASH) (Andreasen et al., 1992) according to DSM-IV criteria by an independent 
psychiatrist. The Positive and Negative Syndrome Scale (PANSS) (Kay et al., 1987) 
was used for the assessment of symptoms on the day of the MRI scan. All patients 
used typical or atypical antipsychotic medication in conventional dosages (Table 1 & 
additional table). All patients suffered from severe medication resistant auditory verbal 
hallucinations (AVH), defined as insufficient response to at least two antipsychotic 
agents , occurring at least once an hour (enquired with PSYRATS (Haddock et al., 
1999). 

Absence of psychiatric disorder including substance abuse in the control group was 
checked using the CASH interview. Demographic details about the patient and control 
group are provided in table 1. From all participants handedness was assessed with the 
Edinburgh Handedness Inventory (Oldfield, 1971). The study was approved by the 
medical ethical committee of the University Medical Center and after explanation to 
the participants; a written informed consent was obtained.
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2.2 Image acquisition
All MRI scans were acquired on a 3 Tesla Philips Achieva using an 8 channel SENSE 
head-coil. For each participant a set of DTI scans, a T1-weighted scan for anatomical 
reference and a MTI scan were collected. To increase the signal to noise ratio the DTI 
set consisted of two transverse DTI scans. The second set was identical to the first but 
acquired with reversed k-space readout (anterior direction) which allowed us to correct 
for geometric EPI distortions in the image processing step. The DTI scans were used 
for reconstruction of the fiber tracts.

The 3D MTI scan consisted of 2 volumes, one without and one with a magnetiza-
tion transfer prepulse. The anatomical scan was used for normalisation of all scans to 
MNI space.  For acquisition parameters see table 2.

2.3 Image processing
DTI image preprocessing was performed with in-house developed software (Mandl et 
al., 2010). All subsequent registration steps of images and fiber coordinates as well as 
fiber selection with ROIs were done in Matlab scripts developed in-house using SPM5 
Matlab functions, among others. 

The DTI data set was corrected for susceptibility artefacts by exploiting the fact that 
DTI was scanned twice and with reversed phase encoding direction (Andersson and 
Skare, 2002). Next the DTI data set was simultaneously realigned and corrected for 
possible gradient-induced EPI distortions (Andersson et al., 2003). A robust estimation 
of the diffusion tensors was obtained using M-estimators (Chang et al., 2005) to limit 
the influence of possible outliers. From the diffusion tensors an FA image was calcu-
lated (Basser and Pierpaoli, 1996). The FA and orientation maps were coregistered to 
the T1-weighted image using the diffusion-unweighted image as a source. Normalized 
mutual information coregistration as implemented in SPM5 was used (http://www.fil.

Patientgroup Healthy controlgroup
N=44 N=42

Male/female 25/19 23/19
Age (y) 36,9(12,0) 38,4 (12,6)
Range (y) 18-61 21-66
Handedness (r/l) 39/5 37/5
age of onset (y) 23 (11.4)
Duration of illness (y) 13.6 (12.9)
PANSS tot scores 62,1 (14,9)
PANSS pos scores 15,6 (3,9)
PANSS neg scores 16,0(5,6)
PANSS gen scores 30,3 (7,5)
A-typical anti-psychotic medication 30
Classic anti-psychotic medication 8
No anti-psychotic medication 6
Table 1 Demographic data
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ion.ucl.ac.uk/spm/software/spm5/). Other diffusion measures, such as axial diffusivity and 
radial diffusivity were also derived from the diffusion scans (see table 3). These diffusiv-
ity measures can be very informative when investigating what diffusion component is 
responsible for any possible DTI abnormalities. 

Both magnetic transfer images, with magnetization prepulse (IM) and without 
magnetization prepulse (IO), were also coregistered to the T1-weighted image with the 
same SPM5 algorithm using the same transformation. This transformation was based 
on mutual information registration of Io to the T1-weighted anatomical scan. Finally 
the magnetic transfer ratio (MTR) was computed (table 3) from both (IO & IM) coreg-
istered scans. This resulted in a value for each voxel between around 0 and around 1, 
0 for no signal reduction and 1 for maximum signal reduction due to magnetization 
transfer.

The T1-weighted image was normalised to MNI space using unified segmentation 
(Ashburner and Friston, 2005) in SPM5.
Scan type MRI parameters
DTI scans Single shot EPI-DTI scan consisting of 30 diffusion-weighted 

scans (b = 1000 s/mm²) with non-colinear gradient directions and 
an average of 5 diffusion unweighted scans (b = 0 s/mm²), TR/TE 
= 7035/68 ms, FOV 240 mm, matrix 128x128, 75 slices thickness 
2 mm, no gap,  SENSE factor 3, EPI factor 35, no cardiac gating.

MTI scan First volume: TR/TE = 65.8/2.19ms, FOV 240x190x180 mm, 
matrix 128×128, 95 slices, thickness 2.5 mm, flip angle = 18. 
Second volume: indentical parameters with an additional off-
resonance magnetization transfer prepulse (frequency offset 1100 
Hz; 620 degrees; three-lobe sync-shaped).

T1 anatomy TR/TE = 9.87/4.6 ms, flip angle = 8°, FOV 224×160×168, matrix 
= 256×256, slice thickness 1 mm (no gap). 

Table 2: scantypes and scanparameters used in experiment

Fractional Anisotropy (FA) ( ) ( ) ( )[ ]
( )2

3
2
2

2
1

2
3

2
2

2
1

2

3

λλλ

λλλλλλ

++

−+−+−

Mean diffusivity (MD)

3
321 λλλ ++

Radial diffusivity (λ⊥) 
average of the two minor eigenvalues

2
32 λλ +

Axial diffusivity (λ||) or largest eigenvalue
1λ

Magnetization Transfer Ratio

O

MO

I
II −

Table 3: FA, diffusivity measures and MTR



38 

Chapter 2 

2.4 Fiber tracking
Brute force fiber tracking was performed using an implementation of the FACT 
(Fiber Assignment by Continuous Tracking) algorithm (Mori et al., 1999) using 
in-house developed software (Mandl et al., 2010). Fibertracking was initiated from 
all voxels in the brain. The following parameters were used: 8 seed points per voxel, 
minimum FA = 0.2, maximum angle = 53 degrees and maximum average angle with 
neighbouring voxels = 90 degrees. Then all reconstructed tracts were coregistered to the 
T1-weighted scan with the transformation parameters acquired when coregistering the 
diffusion-unweighted image to the T1-weighted scan. Now all data was aligned with 
the T1-weighted scan. Next, all reconstructed tracts were tagged with MTR and FA 
values from the respective images after which they were transformed to MNI space with 
normalization parameters acquired as described previously.

Fiber bundles of interest were selected from the complete set of reconstructed tracts 
in MNI space using a multiple ROI approach (Wakana et al., 2004), see also Figure 1a. 
First, from 25 patients and 25 control subjects an average FA and fiber orientation map 
was computed from individual MNI normalized FA and orientation images. In these 
images the ROIs were manually drawn that represent a cross section through 2 planes 
for both left and right arcuate fasciculus (coronal plane, see fig 1a), corticospinal tract 
(transversal plane), cingulum (coronal plane) and uncinate fasciculus (coronal plane). 
Two ROIs were used per hemisphere with a thickness of 3mm and drawn in MNI 
space. These ROIs were defined before data acquisition was completely finished in order 
to investigate feasibility of tracking the different tracts. The separate ROIs are only used 
to roughly identify the bundles of interest and eventually combined to achieve a more 
specific localization of tract bundles. Furthermore, ROIs were drawn widely around the 
track as visible on the average FA map were larger than the tract of interest as visual-
ized on the FA map. Finally, individual AF bundles were manually cleaned of spurious 
fibers. To perform an unbiased selection of fiber tracts for both groups the same ROI 
was used per tract for all subjects, which was possible as all data is normalized. An 
exclusive ROI was placed between the hemispheres to remove possible tracts running 
from one hemisphere to the other.

2.5 Statistical Analysis
Mean values of the corresponding sampled and stored FA and MTR values were cal-
culated for each tract in the selected fiber bundle. From these tract means an overall 
bundle mean was computed (i.e. one value per bundle representing average MTR or FA 
per bundle). All data was analysed in SPSS 15.0. An overall 2×3×4 factorial MANOVA 
was applied, with outcome measure (FA/MTR/mean diffusivity), tract type (AF/CST/
CGL/UF) and hemisphere (Left/right) as factors and group as fixed factor. If any 
group*tract*measure interaction will be found, this justifies an individual MANOVA 
for each of the different outcome measures separately. In that case we will do an indi-
vidual multivariate analysis for each different measurement separately (FA/MTR/diffu-
sion). The eight dependent variables then correspond to the mean value of that measure 
from each of the eight different tracts. For mean FA we performed a MANCOVA, 
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because it is known that FA is related with age (Rosenberger et al., 2008), we initially 
used this factor as covariate and group as fixed factor.

Mean MTR was analysed with a MANOVA and diffusivity measures were analysed 
with a MANCOVA with group as fixed factor and age as covariate.  Then group differ-
ences for each bundle were tested univariately with a Bonferroni correction for multiple 
testing. Correlations between age and the two outcome measures FA and MTR were 
calculated with a Pearson Product Moment Correlation (Pearson’s r). Finally a linear 
regression was performed to investigate if PANSS subscores could be used as a predictor 
for the outcome measures FA and MTR.

2.6 ROI Analysis
As an additional control analysis we used an ROI method as an alternative for tract-
based averages. Namely, a  group-difference of a measurement sampled along individual 
tracts as described above could in principle be based on the fact that tracts are shaped 
and located somewhat differently for patients and controls and therefore different loca-
tions in the brain might be sampled per group. This is unrelated to the hypothesized 
tissue property differences for individual tracts. This control analysis can therefore 
increase the reliability of the findings. When the same result as before is found for 
ROI based tract probability maps, created from the entire group of participants (i.e. 
patients and controls) such an alternative explanation can be ruled out. After all the 
ROI is based on commonly shared voxels i.e. locations in the brain. From the complete 
population of subjects a probability map was generated in which all voxels that were 
coinciding with a fiber tract were tagged with the value 1, and all others with 0. After 
this, the probability for a voxel to be included in a tract was computed as the average 
of all these tagged images over all participants (patients and controls). By doing so a 
voxel that was included in 50% of the subjects for a certain bundle was assigned a value 
of 0.5. This resulted in a map with intensities between zero and one. From these maps 
corresponding MTR values were sampled after thresholding the probability map at 0.5, 
for all participants. This procedure ensures that for both patients and controls the same 
locations were sampled.

3. Results
3.1 Fiber tracking
Fiber tracking resulted in useful tracts for almost every subject (see Figure 1b), except 
for two control subjects and one patient. In these subjects the right cortico spinal tract, 
right arcuate fasciculus or left uncinate fasciculus could not be tracked. These cases were 
treated as missing values in SPSS and excluded in the multivariate analysis. One patient 
was considered an outlier since mean MTR values in the cingulum bundle exceeded 
2 times the standard deviation and excluded from multivariate analysis. There was no 
difference in the number of reconstructed tracts for each fiber bundle between groups 
(see table 4).
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3.2 Overall analysis
The overall 2×3×4 factorial MANOVA revealed a group effect [F(1,80) = 4.037 p = 
.048] and a significant interaction effect of tract × measure × group [F(6,75) = 2.360 p 
= .038] (see table 5).

3.3 FA values
A MANCOVA with group as fixed factor and age as covariate on mean FA values as 
dependent variables was performed. This showed a significant group effect [F (8,73) = 
3.169 p=.004] and age effect [F (8,73) = 4.432  p<.001]. For all bundles, except left 
and right cingulum, the mean FA values were significantly lower in the patient group 
(Figure 2a) (Bonferroni corrected p<.00625). 

Significant negative correlations between age and tract-based FA were found in 
both groups (Figure 3a). For the control group in left AF [-.347 p=.024] and for the 
patient group for left AF [-.350, p=.020] and right AF [-.509, p<.001].  To assess the 
significance of the difference between two correlation coefficients we used a fisher’s r to 
z transformation. This transformed z values revealed no difference in correlation coef-
ficients between the groups [z = 0.02, p = .984 and z = 1.55, p=.121].

 

Mean Nr fibers (SD) 
Patient Group 

Mean Nr fibers (SD) 
Control Group 

P value 
(uncor-
rected)

Arcuate fasciculus Left 2438.61 (839.305) 2642.95 (1074.929) .327
Arcuate fasciculus Right 2478.09 (983.849) 2585.69 (1211.069) .655
Cortico spinal tract Left 931.89 (467.081) 884.57 (521.273) .658
Cortico spinal tract Right 643.47 (369.575) 813.38 (425.213) .052
Cingulum Left 1218.82 (415.727) 1334.74 (573.790) .285
Cingulum Right 914.11 (386.368) 999.52 (451.681) .348
Uncinate fasciculus Left 575.70 (381.214) 754.98 (381.214) .054
Uncinate fasciculus Right 1232.20 (549.532) 1418.55 (562.499) .124
Table 4: mean number of reconstructed fibers for different tracts

Figure 1: (a) Example of anterior and posterior ROIs for selecting the arcuate fasciculus. ROI was based on 
directional information retrieved from averaged diffusion group data. 
A ROI with 3mm thickness was drawn along 2 planes at Y-coordinates -11 and -24. For UF, CG and 
CST, 2 planes were drawn at Z-coordinates -35 and 49, Y-coordinates -29 and -2 and Y-coordinate 6 and 
15, respectively. (b) Fibertracking results from a subject, displayed in normalised (MNI) space. From top to 
bottom: left and right arcuate fasciculus, cortico spinal tract, cingulum and uncinate fasciculus

a.
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3.4 MTR
The MANCOVA on mean MTR values showed a significant group effect but no effect 
for age. Therefore age was excluded as a covariate. Further analysis was done with a 
MANOVA with the mean MTR values from the eight different bundles with group 
as a fixed factor. This MANOVA showed a significant group effect [F (8, 73) = 2.753; 
p=.010].  In general mean MTR values were higher in the patient group than in the 
control group. When the results for the different tracts were considered separately, only 
the group difference for the left AF reached significance [F(1, 80) = 10.681 p=.002] 
(Bonferroni corrected p= .00625). Group difference for values of the right AF almost 
reached the level of significance [F(1, 80)=7.792, p=.007]. The patient group showed 
higher mean MTR [Left AF: M= 0.446, SD= 0.012, right AF M= 0.434, SD = 0.015] 
values compared to controls MTR [Left AF: M= 0.438, SD= 0.010, right AF M= 
0.426, SD = 0.014]. See Figure 2b for an overview mean MTR values for different 
bundles. 

To confirm our findings, the mean MTR values acquired with a ROI based analysis 
on a probability map (Figure 4a) were used as dependent variables in an additional 
MANOVA. Also with this alternative method higher MTR values in the patient group 
were found, compared to control group [F(2, 83)=6.301 p =.003]. After adjusting the 
p value to .025 for bonferroni correction, only MTR values for the right AF differed 
significantly between groups [F(1, 84)=9.127, p=.003]. Differences in MTR values for 
the left AF almost reached significance [F(1, 84)=4.878, p=.030] (see Figure 4b).

No correlations were found between age and mean MTR values in both groups (see 
Figure 3b).

3.5 Diffusivity measures
A MANCOVA with age as covariate and group as fixed factor and all eight bundles as 
independent variables was performed three times for mean diffusivity as well as radial 
and longitudinal diffusivity.  Only for radial diffusivity (λ⊥), a significant group effect 
was found [F(8, 73) = 2.178 p=.039] as well as a significant age effect  [F(8, 73) = 
3.454 p<.002]. For all bundles radial diffusivity values were higher in the patient group 
(see Figure 2c). The difference in left and right AF, left and right CST and right CGL 
reached significance after bonferroni correction (p<.00625). For mean diffusivity and 
axial diffusivity, no significant group effect was found [F(8, 73) = 1.866 p=.079] and 
[F(8, 73) = 0.951 p=.481]. 

3.6 Associations with symptom severity.
A stepwise multiple regression was performed between mean MTR values of left and 
right AF as dependent variable and total positive, negative and general PANSS scores 
as independent variables (table 6). For both left and right AF only positive PANSS 
scores had a significant predicting value. The regression analysis revealed no relation 
between FA and the different PANSS subscores and also no relation between the differ-
ent diffusion components and PANSS subscores. From 3 patients PANSS scores were 
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Figure 2: (a) Mean FA value in each reconstructed tract for each subject in control and patient group. (b) 
Mean MTR in each reconstructed tract for each subject in control and patient group. (c) Mean radial dif-
fusivity in each reconstructed tract for each subject in control and patient group. AF: arcuate fasciculus, CST: 
cortico spinal tract, CGL: cingulum, UF: uncinate fasciculus
* Significant after Bonferroni correction p=.00625
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Figure 4: (a) Probability map of arcuate fasciculus; left sagittal view, coronal view, right sagittal view and 
transversal view. Voxels that were present in 50 % of the total amount of subjects were used as an ROI for 
the control ROI analysis. (b) Mean MTR value for each subject in left and right arcuate fasciculus from ROI 
analysis. ROI was based on voxels belonging to the arcuate fasciculus that were present in 50% of the subjects.
* significant after Bonferroni correction p=.025

a.

b. Mean MTR for arcuate fasciculus
based on probability map ROI
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not available and therefore excluded from analyses. Regression diagnostics revealed no 
indication for multicollinearity of predictors and outliers.

4. Discussion
This study investigated microstructural connectivity of the arcuate fasciculi, the main 
tracts connecting language production and language perception areas, in 44 schizophre-
nia patients with chronic, severe auditory verbal hallucinations (AVH) and 42 matched 
controls. While the arcuate fasciculus was our main tract of interest, we also assessed 
connectivity of the cortico spinal tract, the cingulum and the uncinate fasciculus to 
determine specificity of our findings.

We observed a general decrease in fractional anisotropy (FA) in all bundles except 
the cingulum in patients as compared to controls. Moreover, we found a significant 
effect of age on FA values in both groups. In addition, the decreased FA values in 
the left and right arcuate fasciculi were accompanied by an increase in the magnetic 
transfer ratio (MTR) in the patients. This increase in MTR was confirmed with an 
ROI analysis, based on a probability maps for arcuate fasciculus-voxels for the total 
sample. Interestingly, the increased MTR in the patients’ right and left arcuate fasciculi 
correlated positively with severity of positive symptoms. 

When we analyzed the DTI scans to measure mean, axial and radial diffusivity, 
we observed an increase for only radial diffusivity in all fiber tracts of the patients. As 
decreased FA values were a general finding in almost all other tracts, increased MTR 
values were specific for the arcuate fasciculus. The latter might be associated to AVH. A 
general decrease in FA values might be associated to schizophrenia itself, possible due to 
the use of medication in schizophrenia patients (Borgwardt et al., 2009).  

We interpret the combination of low FA values and high MTR ratio’s in the patients’ 
arcuate fasciculi as suggestive for degraded integrity of the axons or the supportive glia 
cells. It is tempting to speculate that this degraded fiber integrity may underlie the 
impaired corollary discharge of the auditory language system, which has been meas-
ured with EEG studies (Ford et al., 2007). Impaired corollary discharge prevents these 

B SE B Β R² P
Left AF
Constant .430 .007
PANSS positive .001 .000 .349 .122 .025*
Right AF
Constant .416 .009
PANSS positive .001 .001 .310 .096 .049*

Table 5: Regression analysis with positive PANSS scores (predictor) and mean MTR 
values(dependent variable) in AF. Unstandardized regression coefficients B, standard 
error SE B, standardized regression coefficient β and the amount explained variations 
of the model R² and significance level of regression model P. * significant at α=.05
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patients to recognize self-generated speech, which may lead to the experience of AVH. 
The correlation between MTR values of both arcuate fasciculi and severity of positive 
symptoms corroborates this hypothesized association between degraded arcuate fasciculi 
integrity and the vulnerability to AVH. However, the alterations in the arcuate fasciculi 
in patients with chronic AVH could be related either to their hallucinations or to other 
symptoms of schizophrenia, medication use or the functional deterioration associated 
with the disease. In order to test the specific association between microstructural deg-
radation of the bilateral arcuate fasciculi and AVH, the same measurements should be 
repeated in a group of non-psychotic individuals with frequent AVH (Sommer et al., 
2010). 

Several studies have assessed FA in schizophrenia patients. Most of them also report-
ed decreased FA values in the bundles connecting the frontal and temporo-parietal areas 
(Kubicki et al., 2007; Kyriakopoulos and Frangou, 2009). A few studies that assessed 
FA in relation to auditory hallucinations reported increased FA of the arcuate fasciculus 
(Hubl et al., 2004; Rotarska-Jagiela et al., 2009) and Superior temporal Gyrus (Lee et 
al., 2009) in patients. These studies included relatively small samples and employed a 
voxel based approach. Two other studies (Seok et al., 2007; Shergill et al., 2007) found 
decreased FA values in the arcuate fasciculus of hallucinating patients, congruent with 
our findings. 

MTR is less frequently applied in schizophrenia patients. Foong et al. (2001) found 
widespread MTR reductions in schizophrenia patients, but these reductions were not 
replicated by Bagary et al. (2003). Only the combination of FA and MTR enables 
differentiation between abnormalities in myelin and degradation of axons or glia cells. 
Only two previous studies used the combination of FA and MTR in schizophrenia 
(Kubicki et al., 2005; Mandl et al., 2010). Kubicki et al. (2005) found decreased FA 
with increased MTR in several bundles, but not significantly so in the arcuate fascicu-
lus. The discrepancy with our finding may result from differences in patients studied 
(Peters et al., 2010), as we selected patients with chronic hallucinations while Kubicki 
et al. (2005)included first episode patients. Alternatively this can be explained by differ-
ences in MR field strength (1.5T) and analysis type (voxelbased). Mandl et al. (2010) 
found normal FA values with increased MTR of the uncinate fasciculus in a relatively 
young patient group, while the arcuate fasciculus was not analyzed. Compared to these 
two aforementioned studies, a 3T tract based analysis of the arcuate fasciculus with 
DTI and MTR on a very specific population of patients suffering from AVH makes our 
study quite unique. 

Our finding regarding age related FA decrease is in accordance with earlier findings 
(Rosenberger et al., 2008; Mandl et al., 2010). No age-MTR relation was found in 
our sample. Little is known regarding the effect of age on MTR values. Schiavone et 
al (2009) reported a correlation of -.566 between age and MTR. However the studied 
sample was a significantly older group (64 subjects, age range 54-91 (mean age 70 
years) who showed cognitive decline.

A limitation of this study is that one might argue that increased negative correlations 
between age and FA are due to medication use. It is known that medication can have 



49

Microstructural alterations of the arcuate fasciculus in schizophrenia patients with frequent AVH

C
ha

pt
er

 2

some serious effects on brain structure such as white matter (Borgwardt et al., 2009). It 
would therefore be interesting to study a medication free group. It is however not likely 
that our MTR findings are the result of medication use, as this would have a global effect 
on the white matter in the brain, while our findings were specific for the AF.  Another 
limitation is that MTR differences might be due to cognitive impairment.  A cognitive 
assessment was not performed. So we therefore cannot exclude this as an explanation. 
However Schiavone (2009) demonstrated an MTR difference in the opposite direction, 
namely a decrease. This was in a relatively old sample of subjects with cognitive decline. 
Our patient sample was younger compared to this group. Finally, as mentioned earlier 
in the methods section, a group difference based on the sampling of MTR along fiber 
tracts could be based on sampling a different area in the brain for different groups, as 
tracts could be shaped and located somewhat differently for both groups. Therefore we 
used a control analysis. In this analysis arcuate fasciculus voxels that were present in 
50% of subjects in both groups were turned into 1 single mask used for sampling MTR 
in all subjects. This way we are by definition sampling the same location in the brain 
for all participants. This so called ROI analysis revealed similar results as the tract-based 
analysis, ruling out such an alternative explanation based on tract shape as the control 
measures are by definition based on the same voxel locations.”

In conclusion, schizophrenia patients with chronic AVH showed decreased FA 
values combined with increased MTR values, most pronounced in the bilateral arcuate 
fasciculi, which is suggestive for degraded axons or glia cells. Increased MTR values 
of the arcuate fasciculi correlated with the severity of positive symptoms. Degradation 
of the axons and/or glia cells in the arcuate fasciculi may prevent effective corollary 
discharge from the inferior frontal speech regions to the temporo-parietal language 
perception areas. Ineffective corollary discharge may lead to inadequate recognition of 
self-generated verbal thoughts, thus provoking the experience of hearing voices.
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Specification of used anti psychotic medication

 
Number of 
prescriptions 

Average dosage 
(mg) 

Clozapine 17 472.5
Olanzapine 6 13.2
Quetiapine 4 700
Pimozide 3 4
Haloperidol 3 4
Risperidone 3 6.5
Penfluridol 3 29
Aripiprazol 2 22.5
Chlorprothixene 1 50
Zuclopentixol 1 40
 
Note that eight patients had a combination of more types antipsychotic medication
   
Anti - psychotic medication combined with other types of medication 
  Nr of subjects 
Anti Depressant  15 
Hypnotic/anxiolytic  8 
Benzodiazepines  15 
Anti-epileptics  2 
   
Life time drug and alcohol use 
  Nr of subjects 
Cannabis 25 
Cocaine 11 
Amphetamines 4 
XTC 8 
LSD 6 
Heroin 3 
Psilocybin mushrooms 6 
Alcohol 29 
Unknown 1 
Combined alcohol & cannabis use 19 
Combined alcohol, cannabis and other drugs use 14 
No alcohol / drugs use 11 
Additional demographics: specification of medication and drug use 
 
 

Additional demographics: specification of medication and drug use



Break your happy home
Learn to sing along

To the music, to the music
Clap your hands and shake

On a summer’s day
To the music, to the music

I’m falling in love with your favourite song
I’m gonna sing it all night long
I’m gonna dance with somebody

Dance with somebody
Dance, dance, dance

I’m falling in love with your favourite song
I’m gonna sing it all night long
I’m gonna dance with somebody

Dance with somebody
Dance, dance, dance

I’m gonna dance with somebody

When you’re all alone
We become your home

We’re the music, we’re the music
When your love’s away
And you feel betrayed

We’re the music, sweet music

I’m falling in love with your favourite song
I’m gonna sing it all night long
I’m gonna dance with somebody

Dance with somebody
Dance, dance, dance

I’m falling in love with your favourite song
I’m gonna sing it all night long
I’m gonna dance with somebody

Dance with somebody
Dance, dance, dance

Dance, dance, dance ...

I’m falling in love with your favourite song
I’m gonna sing it all night long
I’m gonna dance with somebody

Dance with somebody
Dance, dance, dance

‘Dance with Somebody’ - Mando Diao
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Abstract
The pathophysiology of auditory verbal hallucinations (AVH) is still unclear. Cogni-
tive as well as electrophysiological studies indicate that a defect in sensory feedback 
(corollary discharge) may contribute to the experience of AVH. This could result from 
disruption of the arcuate fasciculus, the major tract connecting frontal and temporo-
parietal language areas. Previous Diffusion Tensor Imaging studies indeed demonstrated 
abnormalities of this tract in schizophrenia patients with AVH. It is, however, difficult 
to disentangle specific associations with AVH in this patient group as many other 
factors, such as other positive and negative symptoms, medication or halted education 
could likewise have affected tract integrity. We therefore investigated AVH in relative 
isolation and studied a group of non-psychotic individuals with AVH as well as patients 
with AVH and non-hallucinating matched controls. 

We compared tract integrity of the arcuate fasiculus and of three other control tracts, 
between 35 non-psychotic individuals with AVH, 35 schizophrenia patients with AVH 
and 36 controls using diffusion tensor imaging and magnetization transfer imaging. 

Both groups with AVH showed an increase in magnetization transfer ratio (MTR) 
in the arcuate fasciculus, but not in the other control tracts. In addition, a general 
decrease in fractional anisotropy (FA) for almost all bundles was observed in the patient 
group, but not in the non-psychotic individuals with AVH.

As increased MTR in the arcuate fasciculus was present in both hallucinating 
groups, a specific association with AVH seems plausible. Decreases in FA, on the other 
hand, seem to be related to other disease processes of schizophrenia.
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1. Introduction
Auditory verbal hallucinations (AVH) are one of the core symptoms of schizophrenia. 
Its exact pathophysiology remains elusive, although functional MRI studies suggest the 
involvement of the language system (Shergill et al., 2000; Sommer et al., 2008; Jardri 
et al., 2010; Diederen et al., 2010; Ford et al., 2007; Heinks-Maldonado et al., 2007; 
Whitford et al., 2010). Activation patterns during the experience of AVH include 
the classic language areas of Broca and Wernicke and the contralateral homologues, 
suggesting involvement of abnormalities in language perception as well as production 
(Sommer et al., 2008; Sommer et al., 2008; Diederen et al., 2010; Sommer et al., 2007; 
Diederen et al., 2011). It is conceivable that the activation in inferior frontal areas 
reflect the production of verbal content that is misattributed to an external source and 
hence experienced as AVH. It is as yet unclear; why these verbal products are not recog-
nised as self generated but rather attributed to an external source. It is proposed (Ford 
et al., 2007; Feinberg, 1978; Frith, 1992) that a malfunction of the corollary discharge 
system to underlie the failure to recognize self-produced verbal fragments (Whitford et 
al., 2010). Corollary discharge signifies the neuronal circuit that suppresses the sensory 
consequences of self-generated actions, in this case covert speech. A malfunction in the 
corollary discharge system of speech could result from disintegrity of the main white 
matter tracts connecting inferior frontal and temporo-parietal language areas. For this 
reason, these white matter connections have been studied extensively in schizophrenia 
patients with AVH (Whitford et al., 2010; Hubl et al., 2004; Seok et al., 2007; Shergill 
et al., 2007) mainly with diffusion tensor imaging (DTI), but  recently also with a com-
bination of DTI and magnetization transfer imaging (MTI) (de Weijer et al., 2011). 
This latter study observed decreased FA values in the arcuate fasciculus, cortico spinal 
tract and uncinate fasciculus, a frequent finding in schizophrenia. In addition, a specific 
increase in magnetization transfer ratio (MTR) was observed in the arcuate fasciculus 
only. The combination of high MTR values and low FA indicates a decreased integrity 
of microstructure (axons or glia cells) in this tract. 

However, schizophrenia is a complex syndrome comprising positive, negative and 
cognitive symptoms. In addition, patients usually use antipsychotic medication for a 
long duration which has been shown to affect the brain (Ho et al., 2011) and abort 
their education or professional career prematurely.  It is therefore conceivable that 
these decreased FA values with increased MTR values in the arcuate fasciculus are not 
specific for AVH but instead related to another symptom cluster or even to secondary 
effects, such as medication or drug use or understimulation of the language areas. In 
order to test if disrupted integrity of the arcuate fasciculus is specifically associated with 
AVH, we set out to perform the same assessments in healthy individuals with AVH but 
without delusions and negative or cognitive symptoms, who never used antipsychotic 
medication and have normal (school) careers..

AVH are not always indicative of psychiatric disorders, but also occur in a signifi-
cant minority of otherwise healthy individuals (Tien, 1991; Johns et al., 2002; Sommer 
et al., 2010). These healthy people with AVH demonstrate good social capacities and 
function within the normal range (Sommer et al., 2010). The University Medical 
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Centre Utrecht has acquired a unique group of over 100 subjects (Sommer et al., 2010; 
Daalman et al., 2011), who experience frequent AVH, i.e. at least once a month, yet 
do not meet criteria for a psychiatric diagnosis. AVH in these non-psychotic individu-
als show similar phenomenological characteristics as patients with schizophrenia, for 
example in loudness, reality, experienced location and number of voices (Daalman et 
al., 2011). Furthermore, both groups show similar brain activation patterns during 
AVH when measured with fMRI (Diederen et al., 2011).

 To elucidate the specific relation between structural abnormalities of the arcuate 
fasciculus and AVH we included 35 individuals of this non-psychotic healthy group 
with AVH and contrasted them to a group of healthy subjects without AVH and to 
a schizophrenia patient group with AVH.DTI and MTI scans were acquired from 
these three groups. If the earlier findings of increased MTR values in the absence of 
increased FA (de Weijer et al., 2011) along the arcuate fasciculus are found in both 
hallucinating groups, this suggests a specific relation between this structural deviation 
and hallucinations. 

2. Methods
2.1 Participants
Thirty-five patients diagnosed with schizophrenia and 35 non-psychotic individuals 
with auditory verbal hallucinations (Sommer et al., 2010) and 36 healthy control 
subjects without hallucinations participated in the study. All groups were matched for 
age, gender and handedness. The data for the patient group included here is a matched 
selection of the patient data published before (de Weijer et al., 2011). Included sub-
jects were matched to the new group of non-psychotic individuals with AVH. As the 
present analysis needs to directly compare the three groups in order to shed new light 
on the nature of the alterations we observed in the AF before, we chose to include 
parts of the previously published data. The healthy control subjects and non-psychotic 
individuals were also matched for educational level. All patients were recruited from 
the psychiatry department of the University Medical Center Utrecht. Patients were 
diagnosed using the Comprehensive Assessment of Symptoms and History interview 
(CASH) (Andreasen et al., 1992) according to DSM-IV criteria by an independent 
psychiatrist. The Positive and Negative Syndrome Scale (PANSS) (Kay et al., 1987) 
was used for the assessment of symptoms on the day of the MRI scan. All patients used 
typical or atypical antipsychotic medication in conventional dosages (Table 1). Despite 
this antipsychotic treatment, they still suffered from severe auditory verbal hallucina-
tions (AVH), occurring at least once an hour. Some of the data from the patient and 
healthy group were used in our previous publication (de Weijer et al., 2011).

For both healthy groups absence of psychiatric disorder including substance abuse 
was checked using the CASH interview. In addition these groups filled out the Schizo-
typal Personality Questionnaire (SPQ) (Raine, 1991), rating their schizotypal tendency. 

Demographic details about the patient and the healthy control groups are provided in 
table 1. From all participants handedness was assessed with the Edinburgh Handedness 
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Inventory (Oldfield, 1971). The study was approved by the medical ethical committee 
of the University Medical Center and after explanation to the participants; a written 
informed consent was obtained. In connection with earlier findings by Daalman et al 
(2011), we also included phenomenology characteristics of AVH, such as frequency, 
emotional valence, distress and amount of control. In this latter study was reported that 
on these phenomenology characteristics patients and non- psychotic individuals with 
AVH tend to score differently. Namely, patients reported a higher frequency of AVH, a 
higher emotional valence of the AVH, more distress due to the voices and less control 
on the AVH compared to non-psychotic individuals with AVH (Daalman et al., 2011). 

2.2 Image acquisition
All MRI scans were acquired on a 3 Tesla Philips Achieva using an 8 channel SENSE 
head-coil. For each participant two sets of DTI scans, a T1-weighted scan for anatomi-
cal reference and a MTI scan were collected. To increase the signal to noise ratio the 
DTI set consisted of two transverse DTI scans with the following parameters: single 
shot EPI-DTI scan consisting of 30 diffusion-weighted scans (b = 1000 s/mm²) with 
non-colinear gradient directions and an average of 5 diffusion unweighted scans (b = 
0 s/mm²), TR/TE = 7035/68 ms, FOV 240 mm, matrix 128×128, 75 slices thickness 
2 mm, no gap,  SENSE factor 3, EPI factor 35, no cardiac gating. The second set was 
identical to the first but acquired with reversed k-space readout (anterior direction) 
which allowed us to correct for geometric EPI distortions in the image processing step. 
The DTI scans were used for reconstruction of the fiber tracts. The 3D MTI scan con-
sisted of 2 volumes, one without and one with a magnetization transfer prepulse. The 
parameters for the first MTI volume were: TR/TE = 65.8/2.19ms, FOV 240×190×180 
mm, matrix 128×128, 95 slices, thickness 2.5 mm, flip angle = 18. The parameters for 
the second MTI volume were identical to the first MTI volume but than an additional 
off-resonance magnetization transfer prepulse (frequency offset 1100 Hz; 620 degrees; 
three-lobe sync-shaped) was applied. The parameters for the T1-weighted scan were: 
TR/TE = 9.87/4.6 ms, flip angle = 8°, FOV 224×160×168, matrix = 256×256, slice 
thickness 1 mm (no gap). The anatomical scan was used for normalisation of all scans 
to MNI space (see below).

2.3 Image processing
In the following, DTI image preprocessing was performed with software developed 
in-house (Mandl et al., 2010). All subsequent registration steps of images and fiber 
coordinates as well as fiber selection with ROIs were done in Matlab scripts developed 
in-house using SPM5 Matlab functions, among others. 

The DTI data set was corrected for susceptibility artefacts by exploiting the fact that 
DTI was scanned twice and with reversed phase encoding direction (Andersson et al., 
2003). Next the DTI data set was simultaneously realigned and corrected for possible 
gradient-induced EPI distortions (Andersson and Skare, 2002). A robust estimation of 
the diffusion tensors was obtained using M-estimators (Chang et al., 2005) to limit the 
influence of possible outliers. From the diffusion tensors an FA image was calculated 
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(Basser and Pierpaoli, 1996). The FA and orientation maps were coregistered to the 
T1-weighted image using the diffusion-unweighted image as a source. Normalized 
mutual information coregistration as implemented in SPM5 was used (http://www.fil.
ion.ucl.ac.uk/spm/software/spm5/). Other diffusion measures, such as axial diffusivity 
and radial diffusivity were also derived from the diffusion scans. Axial diffusivity (λ||) 
represents the largest eigenvalue (λ1) of the diffusion tensor, while radial diffusivity (λ⊥) 
represents the average of the two minor eigenvalues (λ2+λ3)/2 and mean diffusivity 
(MD) representing the mean of the three eigenvalues of the diffusion tensor (λ1+ 
λ2+λ3)/3.

Both magnetization transfer images, with magnetization prepulse (IM) and without 
magnetization prepulse (IO), were also coregistered to the T1-weighted image with the 
same SPM5 algorithm.  From these two MT images a magnetization transfer ratio 
(MTR) was computed using: MTR= (IO-IM)/IO . This resulted in a value for each voxel 
between 0 and 1, 0 for no signal reduction and 1 for maximum signal reduction due to 
magnetization transfer.

The T1-weighted image was normalised to MNI space using unified segmentation 
(Ashburner and Friston, 2005) in SPM5.

2.4 Fiber tracking
With DTI scans, four tracts: arcuate fasciculus (AF), cortico spinal tract (CST), cin-
gulum (CGL) and uncinate fasciculus (UF) were reconstructed. These three additional 
tracts were chosen because of the directional properties they have in common with the 
AF, rather than their functional role in schizophrenia. Along these different tracts FA 
and MTR were sampled. Fiber tracking was performed using an implementation of 
the FACT algorithm (Mori et al., 1999) using in-house developed software (Mandl 
et al., 2010). A brute force approach was used for reconstruction of fiber tracts. The 
following parameters were used: 8 seed points per voxel, minimum FA = 0.2, maximum 
angle = 53 degrees and maximum average angle with neighbouring voxels = 90 degrees. 
Then all reconstructed tracts were coregistered to the T1-weighted scan with the trans-
formation parameters acquired when coregistering the diffusion-unweighted image to 
the T1-weighted scan. Now all data was aligned with the T1-weighted scan. Next, all 
reconstructed tracts were tagged with MTR and FA values from the respective images. 
Finally all fiber tracts that had been reconstructed in native space were transformed to 
MNI space with normalization parameters acquired as described previously.

Fiber bundles of interest were selected from the complete set of reconstructed tracts 
in MNI space using a multiple ROI approach (Wakana et al., 2004). These ROIs were 
based on an average FA and fiber orientation map from all included subjects (see figure 
1a). For AF tracts, two ROIs were used per hemisphere with a thickness of 3mm and 
drawn in MNI space along 2 planes at Y-coordinates -11 and -24. For UF, CG and 
CST, 2 planes were drawn at Z-coordinates -35 and 49, Y-coordinates -29 and -2 and 
Y-coordinate 6 and 15, respectively. To perform an unbiased selection of fiber tracts for 
both groups the same ROI was used per tract for all subjects, which was possible as all 
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data is normalized. An exclusive ROI was placed between the hemispheres to remove 
possible tracts running from one hemisphere to the other.

2.5 Statistical Analysis
Mean values of the corresponding sampled FA and MTR values were calculated for 
each fiber in the selected fiber bundle. From these tract means an overall bundle mean 
was computed (i.e. one value per bundle representing average MTR or FA per bundle). 
All data was analysed in SPSS 15.0. Mean MTR and diffusivity measures were analysed 
with a MANOVA with group as fixed factor. Then group differences for each bundle 
were tested univariately with a Bonferroni correction for multiple testing. For mean FA 
we performed a MANCOVA, because it is known that FA decrease has been related 
to age (Rosenberger et al., 2008), we initially used this factor as covariate and group 
as fixed factor. A correlation analysis was performed with calculation of a pearson’s r 
coefficient. Outliers were identified based on 2 standard deviation limits around the 
group mean.

In order to investigate differences in asymmetry we calculated a lateralization index 
(LI) for MTR values and FA values along the arcuate fasciculus according the following 
formula: 100

)(
)(
×

+
−

rightleft
rightleft . This resulted in two indices, one based on MTR and one based 

on FA for each group. These lateralization indices were evaluated with an ANOVA. 

3. Results
In line with earlier reports from our group (Daalman et al., 2011), although we used 
a smaller sample, we also found the same significant differences between patients and 
non-psychotic individuals with AVH. Patients tend to report their auditory verbal hal-
lucinations with a higher frequency [t = 7.063, p < .001, Cohen’s d = 1.731], higher 
emotional valence [t = 10.056, p < .001, Cohen’s d = 2.489], accompanied with more 
distress [t = 10.731, p <  .001, Cohen’s d = 2.697] and patients had less control (reflected 
as higher scores) over their AVH [t = 4.397, p < .001, Cohen’s d = 1.078]. Also age of 
onset was significantly different between groups [t = 3.558, p = .001, Cohen’s d = 

0.933], non-psychotic subjects with AVH have an earlier age of onset.
In four subjects (2 subjects from the patient group and 1 subject from both healthy 

groups) not all tracts could be reconstructed. These subjects were excluded from the 
multivariate analysis. After sampling of FA and MTR values we had to exclude one 
subject from the non-psychotic group with AVH and one subject from the patient 
group because mean MTR values for several tracts exceeded 2 times standard deviation. 
No difference in the number of reconstructed tracts for each fiber bundle was found 
between groups. See figure 1b for an example of the 4 reconstructed fiber tracts.

3.1 MTR
For each tract the left and right average MTR values were pooled to one average value 
for each of the different tracts. These four variables were entered into a MANOVA 
with group as fixed factor. Multivariate testing retrieved no group effect. A univariate/
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between subjects effect test revealed a significant group effect for arcuate fasciculus 
values only [F(2, 101) = 4.720 p = .011, bonferroni corrected p < .0125 ηp

2 = .085].
A second MANOVA with left and right MTR values of only the arcuate fasciculus 

as dependent variables resulted in a significant group effect [F(4,200) = 3.095 p = .017 
Pillai’s trace ηp

2 = .058]. A simple contrast (k matrix) was planned for each dependent 
variable. This standard contrast compared the control group with the patient group and 
the control group with the group of non-psychotic individuals with AVH (see figure 
2a).

For the left AF both patients and non-psychotic individuals with AVH had higher 
MTR values [p = .022, Cohen’s d = .539 and p = .015, Cohen’s d = .614] as compared 
to the control group. This same contrast revealed a significant increased MTR in the 
right AF for only the patient group [p = .007, Cohen’s d = .640] as compared to the 
control group and no difference between the controls and the non-psychotic group 
with AVH [p = .206, Cohen’s d = .337]. The contrast of non-psychotic individuals with 
AVH and schizophrenia patients is not significant, left AF [p = .880, Cohen’s d = .030] 
and right AF [p = .143, Cohen’s d = .341].

Patient group

Non-psychotic 
individuals with 
AVH

Healthy control 
group

N=35 N=35 N=36
Male/female 14/21 13/22 14/22
Age (y) 39.6(13.3) 42.1 (14.6) 41.39 (13.3)
Range (y) 18-61 19-66 21-66
Handedness (r/l) 30/5 30/5 31/5
Age of onset AVH (y) 26.6 (14.1) 14.0 (11.4)
AVH Duration (y) 12.5 (12.5) 27.6 (16.1)
PANSS total scores 58.8 (13.3)
PANSS positive scores 1.9 (3.9)
PANSS negative scores 15.0 (5.4)
PANSS general scores 28.9 (7.0)
A-typical anti-psychotic 
medication 22
Classic anti-psychotic 
medication 8
No anti-psychotic medication 5
GAF 81.9(8.9) 87.2(5.9)
SPQ 28.7(13.9) 9.1(6.8)
Frequency of AVH 5.5 (0.8) 3.8 (1.1)
Emotional Valence of AVH 9 (2.5) 2.1 (3)
Distress due AVH 3.2 (1.9) 0.7 (1.5)
Control on AVH 3.2 (1) 1.8 (1.5)
Education level (CASH) 6.1(1.3) 6(2.1)
Table 1 demographic data



64 

Chapter 3  

3.2 FA
Mean left and right FA values were pooled to an average value for each tract. These 
values were used in a MANCOVA with age as a covariate. No group effect for mean FA 
was found. Univariate tests revealed a significant group effect for the arcuate fasciculus 
only [F(2, 100) = 7.138, p = .001, bonferroni corrected p < .0125, ηp

2 = .125] and 
UF [F(2, 100) = 10.774, p < .001, bonferroni corrected p < .0125, ηp

2 = .177,  CST 
[F(2,100) = 5.221, p = .007, bonferroni corrected p<.0125, ηp

2 = .095](see figure 2b).
The simple contrast applied for both left and right AF, CST and UF compared 

patients and non-psychotic individuals with AVH to control subjects. Significant dif-
ferences were found in the patient group only. They had lower FA values in left arcuate 

Figure 1: (a) Example of anterior and posterior ROIs for selecting the arcuate fasciculus. ROI was based on 
directional information retrieved from averaged diffusion group data. 
A ROI with 3mm thickness was drawn along 2 planes at Y-coordinates -11 and -24. For UF, CG and CST, 
2 planes were drawn at Z-coordinates -35 and 49, Y-coordinates -29 and -2 and Y-coordinate 6 and 15, 
respectively. (b) Fibertracking results from a subject, displayed in normalised (MNI) space. From top row left 
arcuate fasciculus and left cortico spinal tract, bottom row left cingulum and left uncinate fasciculus.

a.

b.
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Figure 2: A Mean values and SD of MTR, FA and RD measures, for all reconstructed tracts.
(a) For left AF; both psychotic and non-psychotic subjects with AVH had increased MTR values. For the right 
AF, only in the patient group had increased MTR values.
(b) No multivariate group effect had been found for FA values. Only a significant age effect. In general the 
patient group had decreased FA values. 
(c) Radial diffusivity measures for the reconstructed tracts.
* significant at p < 0.05

a.
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c.
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fasciculus [p = .011, Cohen’s d = .494], right CST [p = .003, Cohen’s d = .636] and 
bilateral UF [p = .003, Cohen’s d = .586 & p = .002, Cohen’s d = .554].

3.3 Diffusivity measures
A MANCOVA with age as covariate and group as fixed factor was performed for radial 
diffusivity (λ⊥ ) values for left and right AF. This test revealed a significant age effect 
[F(2, 98) = 8.253 p< .001, ηp

2 = .144] but no group effect. In general radial diffusivity 
values were higher in the patient group (see figure 2c). RD values for the left AF were 
significantly increased compared to the healthy control subjects [p = .011, Cohen’s d = 
.511]. 

The correlation analysis (Pearson’s r) revealed no significant association between 
AVH features and MRI measurements along left and right arcuate fasciculi for both 
groups with AVH. The associations of FA and MTR values with age for the three 
groups are presented as supplementary material. 

Finally, we have found no indication for asymmetry differences for FA and MTR 
values along the FA. The ANOVA revealed no group effects for LI with MTR values 
[F(2,100) = 1.068, p = .341, ηp

2 = .021] and LI with FA values [F(2,100) = 2.183, p = 
.118, ηp

2 = .042].

4. Discussion
In order to disentangle the relationship between structural changes in the language 
network and the AVH phenomenon from other factors related to schizophrenia, this 
study compared integrity of the arcuate fasciculus between non-psychotic individuals 
with auditory verbal hallucinations (AVH), schizophrenia patients with AVH and a 
non-hallucinating control group. In both groups with AVH we observed an increase 
in MTR values of the arcuate fascicular tract, indicating a specific association with the 
tendency to hallucinate. For patients only, we observed a decreased fractional anisotropy 
in the arcuate fasciculus and in most other tracts. This suggests that decreased fractional 
anisotropy is not specifically related to AVH, but to other aspects in the disease or 
perhaps schizophrenia in general. 

The interpretation of the increased MTR in the arcuate fasciculus of both groups 
with AVH is not straightforward, as the underlying pathophysiology of MTR deviations 
is not well understood. MTR is sensitive to concentrations of macro-molecules such as 
myelin (Wolff and Balaban, 1994; van Buchem et al., 1999; Barkovich, 2000; Henkel-
man et al., 2001) but also to local amounts of free water (Henkelman et al., 2001). 
Increased MTR in both groups with AVH could indicate increased myelination (Bark-
ovich, 2000) along the arcuate fasciculus. One could hypothesize that frequent AVH 
would make extensive use of the language networks and hence induce more extensive 
myelination of these heavily used white matter pathways (Bozzali and Wrabetz, 2004). 
However, in the arcuate fasciculus of schizophrenia patients we observed the combina-
tion of decreased FA and increased MTR, whereas increased myelin concentrations 



67

Aberrations in the arcuate fasciculus are associated with AVH in psychotic and in non-psychotic individuals

C
ha

pt
er

 3

would yield higher FA values due to stronger diffusion anisotropy in the tracks of 
interest as a result of stronger myelination of axons.  Therefore, the current finding can 
most likely be attributed to microstructural changes in the arcuate fasciculus, leading 
to more free water in the tracts resulting in increases in MTR and decreases in FA, as 
was observed for the patients.  In the non-psychotic individuals with AVH a similar 
MTR increase in the arcuate fasciculus was detected, but without any co-occurring 
FA decreases. This may also be attributable to increases in free water, originating from 
microstructural changes within the white matter tract of the arcuate fasciculus, but to 
a lesser extent than in the patients, because an extensive increase in free water would 
also need to be reflected in a decrease in FA in non-psychotic individuals. Indeed, the 
non-psychotic group experienced less frequent and less severe AVH, which could be 
the result of milder alteration of the tracts microstructure. Therefore it could be that 
MTR is a more sensitive marker of subtle neurobiological alterations in the fiber tracts 
compared to fractional anisotropy.

Microstructural changes in the arcuate fasciculus probably indicate a degradation of 
the axons and/or glia cells in that tract, which may prevent effective corollary discharge 
from the inferior frontal speech regions to the temporo-parietal language perception 
areas. Ineffective corollary discharge may lead to inadequate recognition of self-gener-
ated verbal thoughts, thus provoking the experience of hearing voices. We expect that 
such microstructural changes occur.

Our findings indicate that similar, although less severe, neuronal deviations underlie 
AVH in non-psychotic individuals with AVH as in patients with schizophrenia. A 
similar pathophysiological mechanism for AVH in both groups was also suggested by a 
recent fMRI study which revealed equal cerebral activation during AVH in schizophre-
nia patients and in non-psychotic hallucinating individuals (Diederen et al., 2011). The 
current finding adds to this conclusion, as microstructural disintegrity of the arcuate 
fascilculus was suggested in diseased as well as in non-psychotic persons with AVH. 

No other studies have assessed structural connectivity in the language network in 
non-psychotic individuals with AVH. Yet, several authors studied tract integrity in 
comparable groups, such as persons at a high risk to develop schizophrenia, family 
members of schizophrenia patients and patients with schizotypal personality. 

Several voxelbased analyses (Hoptman et al., 2008; Munoz Maniega et al., 2008; 
Hao et al., 2009) revealed decreases FA values for non-psychotic siblings of patients 
with schizophrenia, which suggest a genetic factor in FA aberrations. Voxelbased and 
ROI studies in schizotypical individuals (Nakamura et al., 2005; Hazlett et al., 2011) 
revealed locally decreased FA values in this group as well. The finding of FA aberra-
tions in these groups do not parallel our findings in the non-psychotic individuals with 
AVH, suggesting that part of the pathology (perhaps related to negative and cognitive 
symptoms or the predisposition for these symptoms) is absent in the healthy spectrum 
of hallucinations. 

There are a few limitations to the interpretation of the present findings, as it should 
be noted that MTR is an indirect reflection of white matter state in the brain. Although 
disrupted microstructure appears the most likely explanation for decreased MTR values 
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in the arcuate fasciculus of both hallucinating groups, other deviations cannot be com-
pletely ruled out. Post-mortem brain investigations or animal models of different types 
of white matter pathophysiology are necessary to demonstrate the relation between 
MTR deviations and histopathology.

In conclusion, non-psychotic individuals with AVH display a similar deviation in 
the arcuate fasciculus as hallucinating patients with schizophrenia, namely increased 
MTR values. This might reflect degradation of the axons and/or glia cells in that tract. 
A similar pathophysiological mechanism, for example inadequate corollary discharge, 
underlies AVH in both groups and may therefore be a causal deficit in auditory verbal 
hallucinations. 
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You said something will change
We were all dressed up

Somewhere to go
No sign of rain

But something will change
You promised

You said nothing will change
We were almost near

Almost far
Down came the rain

But nothing will change
You promised

A promise
A promise
A promise

It’s exactly the same
You said

It’s always the same
But I’ll make it change

Into something the same
I promise

A promise
A promise
A promise

Light on the waves
Light on the waves
Light on the waves
Light on the waves

A promise
A promise
A promise
A promise

(Light on the water)
(We could sail on forever) A promise

A promise
(There’s light on the water)

(We could sail on forever) A promise
(There’s light on the water) A promise
(There’s light on the water) A promise
(We could sail on forever) A promise

(There’s Light on the water) A promise
(There’s Light on the water) A promise

(We could sail on forever)

‘A Promise’ - Echo & the Bunnymen
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Abstract
The great majority of studies on repetitive Transcranial Magnetic Stimulation (rTMS) 
as a therapeutic tool for auditory verbal hallucinations (AVH) have employed 1 Hz 
stimulation. Results of these studies were inconsistent, with some reporting signifi-
cant effects of 1Hz stimulation as compared to placebo, others finding no difference.  
Recently it has been suggested that 20 Hz rTMS has very strong therapeutic effects. It 
is conceivable that 20 Hz stimulation is more effective than 1Hz stimulation.

 Aim of this study is to investigate the efficacy of 20 Hz rTMS compared to 1 Hz 
rTMS as a treatment for AVH.

Eighteen patients with medication resistant AVH randomized over two groups 
received either 20 minutes of 1 Hz rTMS or 13 trains of 20 Hz rTMS daily during one 
week. After this first week, patients received a follow-up treatment once a week during 
three weeks. The stimulation location was based on individual AVH related activation 
patterns acquired with functional Magnetic Resonance Imaging. The Auditory Hallu-
cination Rating Scale (AHRS) was used to monitor the severity of AVH and the raters 
were blind to the treatment condition. 

Both groups showed a decrease in AVH after the first week of rTMS. This decrease 
was significant for the 20 Hz group and the 1Hz group.  When the two treatment types 
are compared, no treatment type was superior regarding the direct and the long term 
effects of rTMS on AVH severity.

Based on these results we can conclude that high frequency rTMS is not a more 
effective treatment for AVH compared to traditional 1Hz rTMS. 
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1. Introduction
Auditory Verbal Hallucinations (AVH) are a common and stressful symptom of schizo-
phrenia. In about 25-30% of the patients these AVH are resistant to antipsychotic medi-
cation (Shergill et al., 1998). This urges the need to search for treatment augmentation. 
Transcranial Magnetic Stimulation (TMS) could be such an additional therapeutic tool 
for AVH in schizophrenia. With TMS a magnetic field is generated by an electromag-
netic coil. When placed on the scalp, this magnetic field induces a small electric current 
in the brain. Depending on the characteristics of stimulation (e.g., intensity, timing and 
pulse shape), TMS can induce neuronal inhibition or facilitation or even the release of 
neurotransmitters which can result in transsynaptic action (Wagner et al., 2007). The 
first study that applied TMS as a therapeutic instrument for AVH was performed by 
Hoffman and colleagues (1999). In this study a 1Hz rTMS stimulation protocol was 
applied. This 1Hz stimulation is based on the idea that cortical excitability could be 
reduced (Chen et al., 1998; Maeda et al., 2000a) by applying low frequency TMS, 
comparable to long term depression (LTD) reported in electrophysiology studies. Last 
decade several studies have been using TMS as a therapeutic tool in schizophrenia with 
mixed results. There are reports of a positive effect in decreasing AVH (Hoffman et al., 
2005; Chibbaro et al., 2005; Lee et al., 2005; Poulet et al., 2005; Brunelin et al., 2006; 
Jandl, 2010; Vercammen et al., 2009), but also studies revealing hardly any difference 
between active TMS and sham TMS (Schonfeldt-Lecuona et al., 2004; Slotema et al., 
2011; Slotema et al., 2011; Fitzgerald et al., 2005; Saba et al., 2006; Rosa et al., 2007). 
The largest RCT so far failed to find any difference between active 1Hz rTMS and 
placebo (Slotema et al., 2011). Four meta analyses revealed effect sizes between 0.52 
an 1.05 (Freitas et al., 2009; Aleman et al., 2007; Slotema et al., 2010; Tranulis et 
al., 2008), indicating moderate to large effects, but recent negative studies were not 
included.

A note of caution may be in place here. When new treatment strategies are 
introduced, initial reports tend to include relatively small sample sizes and provide 
favourable results, while small sampled studies with negative findings frequently do 
not become published (Emerson et al., 2010). For that reason, a moderate enthusiasm 
about the 1Hz stimulation protocol would be appropriate, as results are contradictory 
and conclusive evidence of a beneficial treatment is still missing.

Several suggestions have been made that might improve efficacy of rTMS treatment. 
Freitas (Freitas et al., 2009) urges the need for fMRI guidance, at least this would 
provide us a location that is involved in the experience of AVH. Also longer dura-
tions of 1Hz stimulation rTMS seems more effective (Maeda et al., 2000b). This could 
indicate a dose effect of rTMS. However, it is unknown if the number of repetitions 
or the total amount of pulses delivered yield better results. Increasing the frequency 
would be the straightforward and efficient way to obtain more stimulation even when 
safety regulations (Wassermann, 1998; Rossi et al., 2009) are taken into considera-
tion. Therefore high frequency rTMS is very suitable to intensify stimulation within 
practical time limits. However, contrary to the traditionally assumed inhibiting effects 
of low frequency rTMS, several studies do report good clinical effects in suppressing 
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symptoms by using high frequency rTMS. An open label study using 20 Hz rTMS 
(Montagne-Larmurier et al., 2009) observed a large effect of rTMS on AVH, however 
no control condition was used. In a recent study by Stanford et al. (Stanford et al., 
2011) this high effect was replicated. Comparable effects with high frequency rTMS 
have been reported as an instrument against tinnitus (Ridding and Rothwell, 2007; 
Khedr et al., 2008). Very recently a study using theta burst stimulation, in which a high 
number of pulses were delivered, (Eberle et al., 2010) revealed remarkably results in a 
single subject. However, all these studies did not include a comparison condition and 
did not apply double blind randomized methods. Concluding, the question remains 
if more intense stimulations protocols are indeed more effective as a treatment against 
AVH than 1Hz traditional rTMS.  

This study investigates if an increased intensity of rTMS might improve efficacy 
of rTMS for the treatment of AVH. We compared the therapeutic effects of five days 
of stimulation with either 1Hz or 20Hz rTMS. Patients were randomly assigned to 
a treatment condition and were offered five days of 1Hz rTMS for 20 minutes or 13 
trials of 10 second 20Hz rTMS with at least 50 seconds of rest between the rTMS 
trains. After this week patients received a weekly rTMS session in order to investigate if 
the effect would consolidate.

We evaluated both direct effects, after the first rTMS session and long term effects, 
after five treatment sessions and after four weeks.

2. Methods
2.1 Subjects
Twenty-eight patients with frequent AVH were included. All patients were recruited 
from the psychiatry department of the University Medical Center Utrecht. The Positive 
and Negative Syndrome Scale (PANSS) (Kay et al., 1987) was used for the assessment 
of symptoms on the day of the MRI scan. Although all patients used antipsychotic 
medication, they still suffered from severe AVH, occurring at least once an hour. All 
patients used typical or atypical antipsychotic medication in conventional dosages. 
Exclusion criteria were history of epileptic seizures also in first degree relatives, unre-
movable metal objects inside or around the body (i.e. cochlear implant, surgical clips, 
piercings and cardiac pacemaker), cannabis or other drug abuse during the study and 
the use of benzodiazepines and anti-epileptic medication. After inclusion subjects were 
randomized over two treatment conditions, 1Hz and 20Hz rTMS. The treatment type 
was unknown for patients until the first day of stimulation. The patients were explained 
that two active treatment types would be compared, but no information was provided 
about which the conventional and which the new treatment type was.  So they had no 
expectancy about high or low rTMS. They also had no knowledge about the stimulation 
protocol of the other group. The study was approved by the medical ethical committee 
of the University Medical Center and after explanation to the participants; a written 
informed consent was obtained. 
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2.2 MR Image acquisition
Functional scans were obtained in one or two sessions of 8 min using a Philips 
Achieva 3 Tesla Clinical MRI scanner. Patients indicated the presence of AVH by 
squeezing an air-mediated button and released it when the AVH subsided. These 
PRESTO SENSE fMRI scans were obtained with a TR/TE 21.75/32.4ms, (flip angle 
= 10, FOV 224x256x160 (ap, fh, rl), voxelsize 4mm isotropic, matrix 64x64x40, 40 
slices, 800scans scantime/volume 0.607s). Note that PRESTO-SENSE fMRI is a 3D 
echo-planar imaging technique that is accelerated in 2 phase encoding directions using 
parallel imaging (Neggers et al., 2008). Hence the short TR of 21.75ms and fast acqui-
sition time per volume of 607ms which increases sensitivity to BOLD signal changes.  
Because for correct coregistration of the functional scans and the T1-weighted scan one 
isolated PRESTO-SENSE volume, the ‘reference’ or FA27 scan, was acquired with a 
flip angle of 27° instead of 10° leading to more T1 weighting and hence anatomical 
contrast. It is otherwise identical to the functional MRI scans. The T1-weighted ana-
tomical scan was acquired with parameters TR/TE = 9.87/4.6 ms, flip angle = 8°, FOV 
224 × 160 × 168, matrix = 256 × 256, slice thickness 1 mm (no gap) and voxelsize 
0.875 isotropic.

2.3 fMRI analysis
All functional MRI data were analysed using SPM5. First all functional scans were 
realigned with the FA27 scan, the T1 scan was then co-registered with this FA27 scan. 
Finally functional scans were smoothed with an 8×8×8 full-width at half maximum 
Gaussian kernel. 

A General Linear Model analysis of expected hallucination-related BOLD signal 
change was created using a regressor consisting of a box-car signal, with button squeezes 
as hallucination onsets and the time between squeezes and releases as the duration of the 
hallucinations, which was convolved with the standard hemodynamic response func-
tion from SPM5 to mimic the delayed BOLD response. These hallucination periods 
were compared to scans during non-hallucinatory episodes. Regression coefficients 
for this regressor were tested against zero in a T-test (threshold p=0.01, cluster size 5 
voxels). A mask was made according to the Automated Anatomical Labeling (AAL) 
(Tzourio-Mazoyer et al., 2002) with WFU Pickatlas (Maldjian et al., 2003) containing 
the Angulate Gyrus (AG), Supramarginal gyrus (SMG) and Heschl’s gyrus (HG). This 
mask was warped to each individual’s native space according to the inverse normalisa-
tion parameters, which were acquired by segmentation of the corresponding T1 scan. 
Statistical tests were corrected for multiple comparisons for voxels within this mask 
(FWE p = 0.05).

The selected areas are commonly associated with AVH (Shergill et al., 2000; Sommer 
et al., 2008). The bilateral inferior frontal gyrus is also associated with the experience of 
AVH; however rTMS at these locations can be very uncomfortable for the participant 
and was hence not included in the mask. Beta values calculated from activation within 
the mask were tested against zero in a T-test (threshold p=0.01, cluster size 5 voxels).
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The obtained activation map was divided in separate clusters of voxels. To determine 
which cluster to stimulate, the average beta value from each cluster was calculated. 
Within the cluster with the highest average beta value, the voxel with highest T value 
was assigned as target coordinate for neuronavigation. Neuronavigation was performed 
with the Neural Navigator (www.neuralnavigator.com) software (Neggers et al., 2004).  

To visualize the head surface of the participant, the anatomical scan was used to 
create a skin rendering. The location of the patients’ head in the TMS setup was regis-
tered with the anatomical scan loaded into the navigator using 6 craniotopic markers, 
marked in the software on the skin rendering and measured directly on the patients 
head with a 3D digitizer pen (MiniBIRD position tracker system, Ascension Technolo-
gies). The masked activation map was projected upon the brain’s anatomy. The point 
on the scalp directly overlying the fMRI activation clusters with highest T value was 
marked using a permanent marker. After this, the location of the stimulation spot was 
measured according to the EEG electrode system, so it was possible to relocate it in the 
three weeks of follow-up treatment.

2.4 TMS procedure
TMS was applied with a Magstim Rapid2 (Magstim Company Ltd, Whitland, Wales) 
with an air film 70 mm figure-of-eight coil. Before the first treatment session, individual 
motor threshold (MT) was determined (Schutter and van Honk, 2006) by stimulating 
the motorcortex on the same side as the intended treatment.

Treatment took place on a bed, while subjects were lying on their side. The head was 
resting on a cushion in order to prevent head movements. A protective earplug was used 
in the ear ipsilateral to the TMS coil. The TMS coil was placed such that the magnetic 
field pulse as directed directly on the target area in the brain. The TMS coil was placed 
on the exact location with the use of a template. The experimentator held the coil in 
place for the duration of the stimulation. Potential slight head movements could be 
anticipated and avoided manually. TMS was administered for 20 minutes at 1Hz at 90 
% of the individual MT in the low frequency group. In the high frequency condition, 
patients received 13 trains of 20 Hz for 10s at 80% of their individual MT with at least 
50s of rest between the pulse trains. In both conditions, patients received treatments 
daily for five consecutive days. After this five day treatment, patients received a weekly 
maintenance treatment.

2.5 Outcome parameters
Shortly before and after the first TMS treatment, subjects indicated their hallucinations 
by button presses on a keyboard for on average 15 minutes. 

AVH-severity was assessed with the Auditory Hallucinations Rating Scale (AHRS). 
This questionnaire (Hoffman et al., 2003) enquires several characteristics of AVH such 
as the frequency, loudness of voices, length of AVH, influence and discomfort of AVH 
as experienced by the patient. The summed scores on the AHRS were used for evaluat-
ing efficacy of treatment. Assessments were carried out at baseline and after the fifth 
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rTMS treatment. A follow-up measurement was performed after four weeks of the start 
of the treatment. The clinical raters were blind for the treatment condition.

2.6 Statistical analysis
Because of the small sample size, the evaluation of the rTMS effects was performed 
by non-parametric tests. A wilcoxon signed ranked test was used to evaluate within 
group treatment effect before and after rTMS. Difference scores were analysed with 
Mann-Whitney U-test to evaluate differences in effect between the groups. Finally 
treatment effect along different measurements (baseline, one week after treatment and 
four weeks after treatment) were analyzed with a Friedmann repeated measures analysis. 
All analyses were done in SPSS version 15.

3. Results
Ten subjects had to be excluded based on their fMRI results, either due to insufficient 
or inconsistent AVH indications by button (6 subjects) squeezes or due to insignificant 
activation (4 subjects) pattern after applying the mask for regions of interests. These 
subjects were excluded for further rTMS treatment. From the remaining 18 subjects 
demographic properties can be found in table 1. These patients were randomized over 
two groups; ten in the 1 Hz treatment group and eight in the 20 Hz treatment group. 
In figure 1 the locations from the different stimulation sites of the remaining 18 sub-
jects are presented. Each location has been individually transformed to a normalized 
stereotactic space (MNI) with SPM5 and plotted on the normalized gray matter surface 
of one participant. From each group one subject did not continue after the first week 
of stimulation, because for these two patients the travelling was a too much a burden to 
continue after the first week of stimulation. An independent sample T-test revealed no 
differences between the two different groups. On the variables age, age of onset, AVH 
duration, PANSS scores (positive, negative, general & total scores) and AHRS baseline 
scores (see table 1). 

3.1 Treatment effects
The direct rTMS effect was evaluated with a wilcoxon signed ranks test. Only the 
1Hz group [Z=-2.293 p = .022] showed a direct effect after one treatment, which was 
absent in the 20 Hz group [Z=-1.120 p=.263] (see figure 2a). Regarding the effect after 
five days of rTMS, the 20Hz group showed a significant decrease in AVH [z=-2.106, 
p = .035]. For the 1Hz group this decrease was also significant [Z=-1.958, p = .05] 
(See figure 2b). Mann-Whitney U-test on the difference scores revealed no difference 
between groups regarding the treatment effect after the first week (Z = -0.758 p =.448).

A treatment effect over time had been evaluated with a Friedman Test, which 
included total AHRS scores at baseline, after one week of daily rTMS (week 1) and 
after three weeks of follow-up rTMS (week 4). This analysis included nine and seven 
subjects, because one patient in each group did not receive follow-up rTMS and 
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revealed no significant effect of rTMS for 1Hz [χ2 (2) = 3.467 p=.177] and 20 Hz [χ2(2) 
= 3.217 p =.200] group (see figure 2c). 

A post-hoc wilcoxon signed rank test that compared baseline scores with scores on 
the last time point in week 4 , revealed that the effect did not consolidate in the three 
weeks of weekly stimulation 1Hz [Z=-1.156, p = .248] and 20 Hz [z=-1.892, p = .058]. 

For individual scores for each patients see supplementary figure 1 (direct rTMS 
effects) and 2 (long term or maintenance effect of rTMS). Note that the mean values 
at baseline and after one week of rTMS are based on 10 respectively 8 subjects. For last 
measurement (week 4) this is based on 9 respectively 7 patients because in each group 

Group 1Hz Group 20Hz
N=10 N=8

Male/female 7/3 3/5
Age (y) 33,4 (12,0) 41,6 (12,8) [t(16)=-1.877 p=.079]
Range (y) 20-58 27-58
Handedness (r/l) 10/0 8/0
age of onset AVH (y) 20,2 (6,3) 31,4 (16,9) [t(16)=-1.775 p=.111]
AVH Duration (y) 13,5(14,9) 12,5 (13.3) [t(16)=.148 p=.884]
PANSS tot scores 57,7 (13,9) 56,3 (11,9) [t(16)=.234 p=.818]
PANSS pos scores 16,0 (3,7) 15,4 (4,3) [t(16)=.331 p=.745]
PANSS neg scores 14,5 (4,8) 12,6 (4,5) [t(16)=.845 p=.411]
PANSS gen scores 27,2 (7,4) 28,3 (4,9) [t(16)=-.343 p=.736]

A-typical anti-psychotic medication 8 6

Classic anti-psychotic medication 2 2
No anti-psychotic medication
Stimulation side L/R 3/7 3/5

AHRS 27,6 (4,7) 24,5 (5,7) [t(16)=1.375, p=.188]
Table 1 demographic data

Figure 1: Individual stimulation sites on left (1a) and right hemisphere (1b) displayed in MNI space, green 
spheres represent TMS locations in the 1Hz group and the red spheres represent TMS locations in the 20Hz 
group.

a. b.
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one patient discontinued after the first five consecutive treatments. Therefore these lines 
deviate somewhat from the means presented in figure 2b and 2c.

4. Discussion
In this study we compared the efficacy of two repetitive transcranial magnetic stimula-
tion (rTMS) protocols as treatment for auditory verbal hallucinations (AVH) in patients 
with schizophrenia. One group of patients received 1Hz rTMS, while the second group 
received 13 trains of 20 Hz stimulation with trains lasting for 10s. Both groups were 
treated on five consecutive days. After this treatment, rTMS treatments were repeated 
weekly for one month in an attempt to consolidate the treatment effect. 

After the initial five treatment days both groups showed a decrease in AHRS scores, 
which was significant in the 20 Hz group and in the 1 Hz group. No treatment effect of 
rTMS was found in either group after one month follow-up. In the direct comparison, 
results for both groups were comparable and thus we can not conclude that 20 Hz 
rTMS is more effective than 1 Hz rTMS. The general decrease in AVH in both groups 
might be partly or perhaps even for the larger part, due to placebo effects (Slotema et 
al., 2011). As our aim was to directly compare effectiveness we did not control for this 
possible placebo effect.

This study is the first that evaluates efficacy of high frequency rTMS compared to 
1Hz rTMS for hallucinations. An increase in TMS dose can imply longer stimulation 
duration or an increase in intensity (frequency) of stimulation. This high frequency pro-
tocol is an efficient method to increase TMS dose namely to 2600 pulses compared to 
1200 pulses in standard 1 Hz stimulation, delivered in a shorter time. A 20 Hz stimula-
tion protocol for AVH has been applied earlier in an open-label design. A study using 
11 patients, applied 20 Hz rTMS (Montagne-Larmurier et al., 2009) twice a day for 
two days. Measured twelve days after the first session, patients showed a strong decrease 
in AVH. For two patients this consolidated even for six months. Recently another 
study of 5 patients by (Stanford et al., 2011) revealed reductions in positive symptoms 
according to PANSS in two subjects receiving high frequency rTMS. However both 
studies did not include a control condition. We choose a different stimulation protocol 
as control condition instead of sham treatment, mainly because a good placebo con-
trolled rTMS condition is difficult to effectuate as the absence of tactile stimulation 
reduces credibility of the placebo condition (Aleman et al., 2007; Loo et al., 2000). 

An important limitation in this study is the modest size of our sample. A main cause 
is the fact that it is difficult to acquire useful fMRI data in our population for image 
guided TMS coil placement, which led to high drop-out. 

For further research to improve TMS effects, studies may focus on the biological 
effects of rTMS. Most data are based on MEP recordings directly after stimulation 
((Fitzgerald et al., 2006)). A recent study investigated the long term effects of rTMS on 
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Figure 2 (a) Mean AVH intensity for each group before and directly after the first rTMS session. Percentages 
represent the amount of AVH of the total time measured. (b) Mean AVH severity (total AHRS scores) for each 
group before and after five consecutive days of rTMS. (c) Mean AVH severity (total AHRS scores) for each 
group over 4 weeks; before rTMS (baseline) after five consecutive days of rTMS (week1) and after a once a 
week follow-up treatment during three weeks (week 4). 
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neuroplasticity in the rat brain (Gersner et al., 2011). Only for 20 Hz rTMS, a long 
term effect on markers of neuroplasticity was found. This however, was not present for 
the 1 Hz rTMS. This grounds for a re-evaluation of the potential long term effects of 1 
Hz rTMS. In addition more research on the biological mechanisms of AVH would also 
be helpful. The assumption that cortical hyper-excitability in schizophrenia needs to be 
reduced for symptom relieve, might be too simplistic. The cortical activation patterns 
related with AVH that were found with fMRI, might have their origin deeper in the 
brain (Diederen et al., 2010). 

Currently a logical follow-up study would be to test burst stimulation rTMS, for 
example theta burst (Huang et al., 2005). This type of stimulation has a potentially 
stronger neuromodulatory effect (De Ridder et al., 2007; Poulet et al., 2009). In addi-
tion, it is less demanding for the patients, because stimulation duration is brief. Perhaps 
in direct future, when we managed to locate the origin of AVH in the brain, continuous 
stimulation with electrode implants can bring long term relieve in AVH.

Based on these results we can conclude that an increased rTMS dose by 20Hz rTMS 
is not a more effective treatment against AVH compared to traditional 1Hz rTMS.  
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Supplemental figure 1: 
AVH intensity before, during and directly after the first rTMS session for each individual patient. Percent-
ages represent the amount of AVH of the total time measured, in 1Hz group (a) and 20Hz group (b). The 
mean for each group is represented as a bold line.
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Supplemental figure 2:
AVH severity (total AHRS scores) over 4 weeks; before rTMS and one week of daily rTMS (week1)  followed 
by a weekly rTMS treatment (week 4) for each individual patient in 1Hz group (a) and 20Hz group (b). 
The mean for each group is represented as a bold line.



Radio, live transmission.
Radio, live transmission.

Listen to the silence, let it ring on.
Eyes, dark grey lenses frightened of the sun.

We would have a fine time living in the night,
Left to blind destruction,

Waiting for our sight.

And we would go on as though nothing was wrong.
And hide from these days we remained all alone.

Staying in the same place, just staying out the time.
Touching from a distance,

Further all the time.

Dance, dance, dance, dance, dance, to the radio.
Dance, dance, dance, dance, dance, to the radio.
Dance, dance, dance, dance, dance, to the radio.
Dance, dance, dance, dance, dance, to the radio.

Well I could call out when the going gets tough.
The things that we’ve learnt are no longer enough.

No language, just sound, that’s all we need know, to synchronise
love to the beat of the show.

And we could dance.

Dance, dance, dance, dance, dance, to the radio.
Dance, dance, dance, dance, dance, to the radio.
Dance, dance, dance, dance, dance, to the radio.
Dance, dance, dance, dance, dance, to the radio.

‘Transmission’ - Joy Division
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Abstract
Recently several groups started stimulating the brain with Transcranial Magnetic 
Stimulation (TMS) inside an MRI scanner, during functional MRI acquisition. The 
prospect of stimulating brain areas while recording brain activation non-invasively is 
allowing a new range of investigations of the inner workings of our central nervous 
system. However, current methods that can record activation in the entire brain only 
allow TMS coil placement on the most superior and medial scalp regions, as space 
in typical MR headcoils is limited. Furthermore, most published reports only have a 
general impression of where the TMS pulse was delivered, limiting the interpretation of 
especially activation patterns regional to the stimulated area.

Here, we present a new concurrent TMS-fMRI method that allows stimulation of 
a substantially larger part of the cortex, including lateral brain areas. This would, for 
example, allow stimulation of language areas. Furthermore, we followed the location 
of the coil during scanning, and present a point-based registration method that can 
accurately compute where the TMS pulse was delivered in the brain.

Feasibility of this new method was tested by stimulating medial and lateral brain 
areas while recording fMRI. The complete method and results for stimulation of the 
medial areas are discussed here, results for stimulation of lateral areas in chapter 5. 
Activation close to the stimulated location and in distal areas connected to the targeted 
site was observed. The present study shows that TMS of medial as well as lateral brain 
areas is feasible, opening up a whole new area of investigation.
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1. Introduction
TMS is a non-invasive method to stimulate the brain and demonstrate causal relation-
ships between a targeted brain region and behaviour. However, the neuronal processes 
evoked by TMS are not well understood. Therefore, recently researchers started to 
administer TMS while recording functional MRI activation in the brain (Bohning et 
al. 1997, 1998,  1999). It appears that rather than just affecting brain areas directly 
targeted with TMS, entire networks including distal brain areas are activated by TMS 
(Bestmann et al., 2004).

However, by far most current research combining TMS and fMRI is limited to 
stimulation of medial cortical areas from the motor to the frontal cortex, as the limited 
space inside a typical bird-cage MR receive coil restricts the scalp positions within reach 
of TMS. Whereas the neuronal effects of TMS on areas of interest such as primary, pre 
and supplemental motor cortex can be investigated using such setups (Baudewig et al., 
2001; Bestmann et al., 2005; Blankenburg et al., 2008; Ruff et al., 2009), this approach 
rules out stimulation of about 2/3 of the cortical sheet. As a result, networks involved in 
language production and memory, for example, often relying on cortical input located 
in much more lateral brain regions, remain largely unexplored. An MR setup in which 
the positioning of the TMS coil and subject’s head are less restricted allows a broader 
application of TMS in conjunction with fMRI. This paper describes such a setup for 
use in a Philips 3T scanner. Results from concurrent TMS-fMRI experiments on M1 
brain region are presented. The setup allows TMS administration to medial as well as 
more lateral brain regions, while still recording fMRI BOLD from the entire brain. 

Discharging a TMS coil in a static magnetic (B0) field as typically produced by an 
MRI scanner will cause strong Lorenz forces in the TMS coil wires and hence torque 
reactions inside the TMS coil for about ~100-400 μs. It is an advantage that a typical 
figure of 8 TMS coil contains windings running in opposite directions for each coil 
wing, as the induced forces per coil wing will cancel each other out. Nevertheless, the 
Lorenz forces can induce strong internal vibrations in the coil. This discharging can 
lead to a very loud and irritating click sound. The ensuing coil vibrations can also 
degrade MR image quality, resulting in discomfort for the participant or damage to 
the setup. The setup presented here entails a strong mechanical coil holder system 
inside the scanner bore that can withstand the expected mechanical stress. Vibrations 
and corresponding noise are typically very small when the coil plane is perpendicular 
with respect to the B0-field: the Lorenz forces acting on the wires in the coil windings 
then point to the centers of both coil wings, resulting in zero torque per coil wing. 
However, torque forces per coil wing increase strongly with the angle of the coil plane 
with respect to a plane perpendicular to the B0 field, and are maximal for the coil plane 
in parallel with the B0 field. Although the torques in both coil wings would still cancel 
each other out, internal vibrations would then be maximal. In a setup such as ours 
with more room and freedom for TMS coil and head positioning, a coil orientation 
close perpendicular to the B0 field and hence minimal vibrations can be realized for 
many stimulation sites, increasing the comfort and safety of the scanning session for 
the participant. This requires head postures deviating from the supine head position 



97

Stimulating the motorcortex with TMS during whole brain fMRI recording: a new flexible setup

C
ha

pt
er

 5

normally assumed inside an MRI scanner, which is possible by the relatively large space 
inside our MR recording setup.

In order to realize such a flexible deployment of the TMS coil and the head, we 
used 2 circular RF receive coils (FLEX-L coils) that were placed in two parallel planes 
at the left and right side of the head, keeping sufficient distance from the head to allow 
considerable roll angles of the head around the inion-nasion axis. The present setup is 
designed to optimally record fMRI time series using Echo Planar Imaging (EPI), the 
most commonly used fMRI modality (Bestmann et al., 2003). Due to the larger receive 
coil distance from the brain as compared to standard headcoils used in MRI, it can be 
expected that temporal signal-to-noise (tSNR), the most relevant image quality measure 
for fMRI (Neggers et al., 2008), resulting from thermal noise is lower as for measure-
ments from 8-channel MR headcoils that are commonly used nowadays. However, the 
EPI data recorded with the present FLEX-L setup should still be sufficiently stable to 
allow reliable detections of fMRI signal change. The main reason for the latter assump-
tion is the fact that physiological noise in the EPI time series images is expected to 
be the similar for data recorded with standard MR headcoils and our FLEX-L setup. 
Namely, physiological noise, rather than thermal noise, is known to dominate noise in 
fMRI recordings (Krüger and Glover, 2001).

The present paper describes the details of TMS pulse timing with respect to fMRI 
signal readout, appropriate filtering of RF noise and of leakage currents induced by 
charging of the TMS coil, and of the adopted registration techniques of images of dif-
ferent modalities. To demonstrate feasibility of this setup, we stimulated the thumb 
region in the motor cortex. An event related design is used with single TMS pulses 
of 2 different intensities. The time period between subsequent TMS pulses was on 
average 10 seconds and delivery of pulses is jittered. Regional and distal induced fMRI 
responses are analysed. 

Finally, by far most studies on TMS administered concurrently with fMRI do not 
track nor report the exact location of the TMS coil with respect to the brain during 
the experiment. It is in our opinion important to know where the isocenter of the 
magnetic pulse delivered by the TMS coil intersects the brain surface, as it is here 
that the focus of the magnetic field as deployed with TMS can be expected. Knowing 
exactly where the line representing the center of the TMS pulse is located with respect 
to the targeted brain region is crucial to understand the local and even distal activation 
pattern induced by TMS. We therefore tracked the full 3D location and orientation 
of the TMS coil during fMRI scanning, and report the location with respect to brain 
activation patterns. To this end, we recorded a T2 weighted scan that covered the TMS 
coil and the brain after each fMRI session. Tubes filled with a saline solution attached 
to the TMS coil were used to realize sufficient contrast. The registration procedure of 
the TMS pulse center is described in detail.



98 

Chapter 5  

2. Methods
This methods section is divided into four parts. First a description of the complete 
TMS-fMRI setup is presented, including the custom made mechanical setup in which 
the TMS coil and RF receive coils are mounted inside the MR bore, the TMS stimula-
tor, filtering system and controlling electronics outside the scanner room, including 
the wiring diagram. After that, MR acquisition and TMS pulse timing with respect to 

PC (XIV) TMS coil (II)

TMS 
stimulator (X)

filter box / relay (XIII)

Inside Faraday cage (scanner room)Outside Faraday cage (control room)

Waveguide (XI)

Circuit (XV)

3T MRI 
scannerwall

MRI 
trigger 
signal

Relay 
control 
signal

TMS 
trigger
signal

TTL trigger port 
(XVI)

Used parts in setup
I: TMS coilmount
II: TMS coil
III: rotatable bar 
IV: frame
V:  ground plate
VI: MR bed
VII: side plates
VIII: FLEX-L MR coils

IX: cushion
X:	 TMS	stimulator
XI: waveguide
XII:  cable
XIII:	 filter	box	
(including relay)
XIV: laptop pc
XV: control circuit
XVI: TTL MR-trigger 
port

b.

Figure 1 (a) Overview of complete MR-TMS setup. In the scanner control room, the TMS stimulator 
is placed, including the latop pc to control the stimulator. The filterbox is placed on the waveguide, that 
connects the control room with the shielded MR room. The TMS coil in the MR room is connected through a 
7m long cable to the filterbox, that prevends RF noise to enter the MR room. (b) Partnumbers used in setup

a.
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image readout is presented.  Next, the stimulation experiments are described. Finally, 
image registration and data analysis is outlined.

2.1 Concurrent TMS-fMRI setup
In figure 1, an overview is presented of the complete concurrent TMS-fMRI setup and 
the way it is connected. This includes the mechanical setup holding MR receive coils 
and TMS coil inside the scanner, the TMS stimulator outside the scanner room and the 
filterbox in between the stimulator and TMS coil. Details are given on how a PC and 
additional circuits control timing of TMS pulses with respect to MR acquisition, and 
schedule TMS trials during the experiments.

2.2 Mechanical setup inside MRI bore
The mechanical setup was designed to allow safe mounting of the TMS coil, and to 
keep the head of the subject as well as the RF receive coils in place while allowing 
maximal flexibility in placing the coil at the desired scalp locations. All parts are num-
bered, presented in figure 2a and described below. The TMS coil mount was produced 
from Polyoxymethylene (POM) and consisted of two joints. It was manufactured by 
the mechanical workshop at University College London (part I, also see figure 2b). 
The MRI compatible TMS coil (part II; Magstim Company, Whitland, UK) was 
firmly attached to this coil mount using four nylon screws. The two joints allowed 
the TMS coil to move along 8 degrees of freedom and thus to reach many possible 
scalp locations. This coil mount was positioned inside a bar (part III) that could rotate 
along the y-axis (perpendicular to the floor of the room), and the position of this bar 
could be completely fixated with 2 Polyetherimide (PEI) screws. The coil mount could 
also be protracted through the cylindrical hole in which it was mounted into the bar 
(and fixated with a PEI screw), realizing an additional degree of freedom. The rotatable 
bar was mounted in a sturdy frame (part IV). The rotatable bar and frame were also 
produced from POM and were mounted onto a ground plate (part V) that exactly 
matched the Philips MR bed (part VI) dimensions. 

Two side plates (parts VII) can also be mounted to the ground plate at different 
positions, inside cylindrical holes drilled into the ground plate, but always parallel to 
the z-axis (direction of B0-field, i.e. along the isocenter of the MRI bore). The inside 
of the plates was coated with Velcro, at which the FLEX-L MR receive coils could 
be attached (parts VIII; Philips Medical Systems, Best, the Netherlands) using Velcro 
straps. The plates for connecting the FLEX-L coils and the groundplate were made 
from Polymethyl methacrylate (PMMA). On the ground plate a cushion (part IX) was 
placed to support the head of the participant. In figure 2c a 3d CAD drawing of the 
setup is presented.
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Ztms

B0

B0

b.

a.

c. Figure 2:
(a) Top view and side view 
TMS coil and head position-
ing setup. These parts are 
munted on the groundplate 
(V) that fits the Philips MR 
bed.
(b) In red rotation and 
transformation directions of 
the rotatable bar (III) and 
TMS mount (II). The TMS 
can rotate 360 degrees along 
the Ztms-axis
(c) 3D CAD drawing of 
setup
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2.3 TMS stimulator, filterbox and control circuit
The TMS stimulator (part X; Rapid2, Magstim Company, Whitland, UK) was placed 
in the control room next to the scanner, on a cart close to the waveguide (part XI). It 
was connected to the TMS coil inside the scanner bore though a special filter box (see 
below) that was mounted to (and therefore electrically integrated in) the waveguide 
using a copper  cylinder. The TMS coil is designed by Magstim for use in an MRI 
scanner. It contains no ferromagnetic materials and is surrounded by a sturdy casing 
that can withstand the internal forces. Cable length (part XII) between the filter box and 
the TMS coil inside the MRI bore was 7m. The filterbox (part XIII; Rapid2, Magstim 
Company, Whitland, UK) was used to shield the MRI scanner room from RF noise 
produced in the control room. The filter box further monitored coil temperature and 
would disable the system if temperature exceeded 40°C. Finally the filterbox can prevent 
leakage currents from reaching the TMS coil. These currents occur due to recharging of 
capacitors in the TMS stimulator and will affect fMRI image quality (Weiskopf et al., 
2009) when not prevented. A 17kV isolating relay built into this filterbox can, when 
operated, short out the coil at stimulator output and redirected these leakage currents 
through the shorting box. This shorting relay was controlled by a laptop PC (part XIV) 
through an enhanced TTL pulse (5V – 900mA) generated by a custom made electrical 
circuit (part XV) that was integrated in the connection between the laptop PC and the 
shorting relay. Timing of the experiment was controlled by the same laptop (see below). 
The relay was operated throughout the entire fMRI session (implying no connection 
exists between the stimulator and TMS coil). The relay was only closed for a very brief 
moment around the time a TMS pulse was scheduled. See the MR acquisition section 
below for further details. This procedure completely prevents the leakage currents from 
affecting the MRI images as during the readout phase of each fMRI volume, the TMS 
coil is not physically connected to the stimulator. 

The laptop PC also triggered deliverance of a TMS pulse by the TMS stimulator 
(part X) through a connection between the parallel port and the stimulator, which was 
routed through the control circuit (part XV, see above) that enhanced TTL pulse for 
the shorting relay. The control circuit box (part XV) blocks the connection between the 
laptop and the stimulator while the relay is shorted, thus completely preventing that 
the TMS pulse could be accidentally generated when the filterbox relay was shorted. 
When the laptop would accidentally generate trigger a TMS pulse (due to a software 
programming error or a reboot, for example) while the filterbox relay is shorted, this 
would overload and damage the relay. The laptop (Part XIV) was connected to the 
scanner TTL trigger port (part XVI) that indicates start of each volume (i.e. the RF 
excitation of the imaged  volume), allowing the laptop PC to schedule the timing of 
all aforementioned events such as operating the relay, triggering and scheduling TMS 
pulses. The Presentation software package (Neurobehavioral Systems) was used to 
monitor scanner triggers, control the timing of TMS and relay shorting and scheduling 
of TMS pulses.
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2.4 MRI acquisition and TMS pulse timing
All experiments were performed using a 3T Philips Achieva MRI scanner (Philips 
medical systems, Best, the Netherlands). Using the FLEX-L receive coils, an Echo 
Planar Imaging (EPI) sequence was used to record fMRI time series data during TMS 
administration, with the following parameters:  TR/TE = 2000/23 ms, flip angle = 70°, 
FOV 256×208×120, matrix 64 × 51, 30 slices, slice thickness 3.6mm, gap 0.4 mm, 
voxelsize 4×4×4mm, SENSE factor 1. Per experimental session stimulating a brain area 
(see TMS-fMRI experiments below), 232 volumes were acquired resulting in a session 
lengths of 8 minutes.

Importantly, the TMS pulse was triggered during an additional time period of 667 
ms with no MR readout that was added to each single volume (an EPI volume was 
actually read within 1333 ms). This was done in order to prevent distortion of the MR 
image readout (Bestmann et al., 2003) by a TMS pulse. For an EPI volume where a 
TMS pulse was planned (see experiments), the TMS pulse occurred at 1700ms after the 
start of an EPI volume. 50ms before the TMS pulse, the relay in the filterbox (part XIII) 
was closed, connecting the stimulator with the TMS coil thus allowing TMS stimula-
tion. 100ms after the TMS pulse, the relay was shorted again to prevent leakage currents 
during charging (Weiskopf et al., 2009). After the relay was shorted again, the next EPI 
volume will again be acquired at 2000 ms after the next RF excitation. Bestmann et al 
(Bestmann et al., 2003) demonstrated that image quality is good when a TMS pulse 
is administered at least 100 ms before EPI readout, which is clearly ensured here. See 
figure 3 for an overview of the TMS pulse timing with respect to fMRI readout.

Figure 3: 
Pulse sequence diagram. After acquisition of the last slice an idle period has been introduced. In that period 
at t =1700 ms, the TMS pulse delivered. Short before this, at t = 1650 the relay is closed and at t = 1800 ms 
this is shorted again. At T=2000ms a new volume acquisition starts.

RF

Gz

relay

Gx

Gx

TMS
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The laptop (Part XIV) was connected to the scanner trigger pulse that indicates start 
of each volume. As such it is able to schedule the TMS pulse and relay opening and 
shorting at predefined times (see TMS-fMRI experiments), right after a volume was read.

For preprocessing purposes, after each TMS-fMRI session we acquired 20 additional 
EPI scans with identical parameters except for a decreased flip angle (25°). The low flip 
angle increased the anatomical contrast, and therefore the mean of these 20 EPI image 
is useful for registering the EPI scans with the T1 weighted anatomical scan (see data 
analysis). 

After each concurrent TMS-fMRI session, a scan was acquired using the body coil 
in order to image the location of the TMS coil with respect to the brain. A T2 weighted 
turbo spin echo sequence was  used (TR/TE = 7056/80 ms, flip angle = 90°, FOV 
230×230×179, matrix 232×225, 36 slices, slice thickness 4mm, gap 1 mm, voxelsize 
1×1×4mm, scan duration 226s. In the field of view of this T2-weighted scan, the 
TMS coil and also the superior part of the brain were included. A tube encircling the 
outlines of the TMS coil was attached to the coil, and 6 small Eppendorf microtubes 
were attached to the upper surface of the TMS coil and in the holes at the center of 
both TMS coil wings. The tube and the microtubes contained a saline solution (0.9% 
sodium-chloride). These objects are clearly visible in the T2 weighted scan, as well as 
the brain.  The location of these objects was used to perform a point based registra-
tion procedure resulting in a representation of the isocenter of TMS pulse that can be 
depicted together with the activation data, see data analysis for more details.

For the so called ‘localizer experiment’, designed to individually localize the thumb 
motor area for future image guided TMS coil placement, the following EPI scan was 
used: TR/TE = 1400/23 ms, flip angle = 77°, FOV 256×208×120, matrix 64 × 64, 
30 slices, slice thickness 3.6mm, gap 0.4 mm, voxelsize 4×4×3.6mm, SENSE factor 
1. Note that this experiment was not performed with the TMS-fMRI setup and the 
Flex-L coils, but with the normal 8-channel SENSE MR headcoil. Per experimental 
‘localizer’ session 343 volumes were acquired resulting in a session lengths of 8 minutes.

After the EPI scans during the localizer experiment, an anatomical T1 image 
was acquired: TR/TE = 9.87/4.6 ms, flip angle = 8°, FOV 224×160×168, matrix = 
256×256, slice thickness 1 mm (no gap). 

3. Experiments
3.1 Participants
All participants (mean age 29 years, 3 male and 3 females, all right-handed) were 
screened for MRI and TMS contra-indications. Their vision was normal or corrected to 
normal. The procedures of the experiments were clearly explained, after which a written 
informed consent was obtained. This study has been approved by the medical ethical 
commission of the University Medical Center in Utrecht.
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3.2 General protocol
The aim of the experiments is to demonstrate feasibility of the concurrent TMS-fMRI 
technique presented here, by stimulating the M1 brain area and investigate whether 
activation in known functional neuroanatomical network can be evoked. The experi-
ments were performed during 2 visits. During the first visit, the motor threshold (MT) 
of a subject was determined by observing visible thumb switches for 5 out of 10 stimu-
lations when stimulating the motor hotspot (Schutter and van Honk, 2006). When 
the MT was above 68% of stimulator output, a subject was excluded from participa-
tion. If MT was lower, a fMRI ‘localizer’ session was performed in the normal MRI 
setting (that is, no TMS coil present, and acquired with the 8 channel standard SENSE 
headcoil). The aim of this session was the localization of M1. A behavioral task that is 
known to clearly activate the aforementioned area was performed while recording fMRI 
data and the T1 weighted anatomical scan.

During the 2nd visit, the areas of interest where marked on the subjects head using 
image guided neural navigation, and each area was stimulated with TMS during a 
session of 8 minutes. The details of the localizer and TMS experiments are described 
below.

Note that for one participant, we also recorded 2 sessions of fMRI data during 
the thumb movement M1 ‘localizer’ experiment: in one session we used the standard 
8-channel MR headcoil, and in the other session our FLEX-L TMS-fMRI setup. This 
allowed a comparison of fMRI activation maps using a standard 3T fMRI setup and 
our Flex-L TMS-fMRI setup.

3.3 Procedure fMRI localizer experiments
In a block of 8 minutes we acquired fMRI data, in which subjects were doing the 
thumb movement task, in order to localize thumb motor area (M1). During this scan 
subjects had to move the left thumb in a self-paced fashion with a frequency of about 
2Hz for 20s, and next the right thumb for 20s (no rest condition), and so on, for 8 
minutes. On the screen (visible through a mirror mounted on the headcoil) the words 
‘RIGHT’ or ‘LEFT’ appeared, indicating whether the left of right thumb should be 
moved. Contrasting left with right thumb movement epochs (and vice versa) is known 
to clearly activate the thumb area in the precentral sulcus (Neggers et al., 2008).

After the functional sessions, the T1 weighted anatomical scan was acquired.  

3.4 Procedure TMS-fMRI experiments
Participants were wearing an elasthan swimcap (View V41 from Tabata) on which the 
TMS target locations are marked. With the Neural Navigator software (Neggers et al., 
2004) (http://www.neuralnavigator.com) the scalp areas directly overlying the individu-
al activated area of interest (M1) from the localizer task were marked. On these marked 
locations self-adhesive (polyurethane) circles (Ø10mm) were attached. A neoprene ring 
with the same inner diameter was attached to the coil center underneath the TMS coil. 
This neoprene ring and polyurethane circles were attached to reduce vibrations due to 
TMS pulse and to provide tactile feedback to the experimentator when placing the 
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TMS coil on the swimcap. Coil positioning for M1 stimulation was validated in the 
MR bore by applying a suprathreshold TMS pulse. In case of no visible response, the 
TMS coil was replaced until an associated hand/thumb movement was observed. When 
the subject was placed in the MR bore, just before the start of the experiment, this was 
validated again. In case of no response the coil could be repositioned. For M1 stimula-
tion all subjects reported afterwards to have to notice thumb twitches throughout the 
scanning session.

The EPI scans in which TMS occurred were spaced on average 5 scans (=10s) apart, 
but a jitter interval was added to prevent predictability and hence possible neuronal 
preparation effects. This jitter consisted of a random integer number of scans between 
-2 and +2. That is, after an EPI scan with TMS (always 1700ms after the start of the 
EPI volume), 2, 3, 4, 5 or 6 EPI scans were acquired where no TMS was administered, 
after which the next EPI volume with TMS was planned. The first scan with TMS 
occurred at scan 5 (plus jitter), and was administered at 110% of the motor threshold. 
The next TMS pulse that occurred on average 5 scans later, always was administered at 
70% motor threshold, the next at 110%, and so on. In total 46 (23 for high and 23 for 
low intensity TMS), were delivered. 

The orientation of the TMS coil was kept as close as possible to the plane perpen-
dicular to the B0 field. This required that the subjects adopted a head orientation that 
was slightly rotated along the inion-nasion axis (see figure 1). This was made possible by 
the spacious TMS setup realized inside the MRI bore here, with 2 flex coils mounted at 
some distance from the head.

4. Data analysis
Spatial preprocessing was done in native space (i.e. , not normalized and hence 
deformed to MNI template space) for the ‘localizer session’ as the sole purpose of these 
sessions was to determine individual regions of interest used for neuronavigation of 
the TMS coil. The data from concurrent TMS-fMRI sessions was normalized to MNI 
space in order to report activation coordinates in a standard coordinate frame.

Furthermore, image registration was in some aspects done in a non-standard way, as 
the non-supine orientation of the subjects required additional measures for good spatial 
correspondence.

5. Spatial preprocessing
Localizer session

All three functional sessions were realigned (using the reference scan as the first image) 
to correct for head movements, and a mean EPI scan was created. The T1-weighted 
anatomical scan was coregistered to the mean EPI scan using a rigid body transforma-
tion. EPI Images were resliced at 4 mm × 4 mm × 4 mm and spatially smoothed with 
an 8 × 8 × 8 full-width at half maximum Gaussian kernel. The analysis was performed 
in native space, therefore no normalization to MNI stereotactic space was performed at 
this stage.
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TMS-fMRI sessions
Because of the unconventional head position in the present TMS setup (slightly 
tilted to allow perpendicular TMS coil placement, see figure 1) all scans needed to be 
manually reoriented to ‘normal’ (that is, roughly as in MNI space) orientations before 
preprocessing. The mean image of the 20 ‘reference scans’ was created. Next, slice time 
correction for the EPI images from the fMRI sessions was performed. The functional 
fMRI data was then realigned (using the mean ‘reference scan’ as the first image) to 
correct for head movements. From the earlier obtained T1-weighted anatomical scan, a 
skull stripped image was constructed by masking the T1-weighted scan with the white 
and grey matter segmented images. This skull stripped image was then used to coreg-
ister to the mean of the 20 ‘reference scans’ (with a flip-angle of 25°) and hence with 
the EPI scans acquired during the TMS-fMRI session as they assumed the same space. 
Subsequently the original anatomical T1-weighted scan was registered to the mean 
reference scan using the same registration parameters as the obtained when coregister-
ing the skull stripped T1-weighted image. Skull stripping was needed to obtain good 
spatial registration of the T1-weighted image with the reference scan and hence fMRI 
images. The T2-weighted image of the TMS coil adhesives and part of the brain was 
coregistered to the T1-weighted image using mutual information coregistration. This 
was possible due to the presence of (part of ) the brain in both scans.

Normalisation parameters were generated by segmentating the anatomical 
T1-weighted anatomical image (using ‘unified segmentation’, (Ashburner and Friston, 
2005)). The fMRI EPI images were normalised using these normalization parameters. 
The normalised EPI scans were resliced at 2×2×2 mm³ spatially smoothed with an 
8×8×8 full-width at half maximum Gaussian kernel.

5.1 GLM statistical analysis
For the statistical modelling of the fMRI time series data obtained during the localizer 
task, a general linear model (GLM) with two regressors was fitted to each voxel sepa-
rately. The second regressor is a constant modelling baseline, the first regressor a boxcar 
function (on-off). For the thumb movement task this function value was 1 (‘on’) during 
left thumb movement and 0 (‘off’) for right thumb movement. A t-contrast testing 
the regression coefficient of the task regressor against 0 was calculated (e.g., testing for 
higher activation during the ‘on’ phase), and thresholded at P < 0.05 corrected for the 
entire brain volume according to a multiple comparison correction using random field 
theory (Worsley et al., 1992, 1996). The strongest activated area near the area of inter-
est, defined by highest T value was selected as TMS target for neuronavigation.

The fMRI data acquired during the concurrent TMS-fMRI sessions was modelled 
as an event-related design with two regressors of interest, a nuisance regressor and a 
constant regressor. The first regressor contained canonical hemodynamic response 
functions (as available in SPM8) for events of high intensity TMS stimulation and 
the second regressor for low intensity stimulation. The third regressor was a ‘nuisance 
regressor’ to correct for any head movement related artefacts or other global artefacts 
of non-neuronal origin that should also occur in white matter tissue. The white matter 
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signal was obtained by averaging the time series data from 4 random selected white 
matter voxels. (MNI coordinates: 0 -36 14; 0 26 4; -22 20 28; 30 -18 32).

In order to reveal TMS induced neuronal activity, a T-contrast testing the response 
evoked by high intensity TMS (regression coefficient for regressor 1) versus the low 
intensity response (regression coefficient for regressor 2) was calculated. This was done 
to correct for several confounds in TMS-fMRI analysis. Namely, when simply con-
trasting the hemodynamic responses from all TMS events with baseline, the audible 
TMS click, the slight sensation on the head, and so on are known to result in neuronal 
effects of TMS that are not due the excitation of brain tissue with the TMS pulse, but 
to indirect factors (Bestmann et al., 2005). When contrasting high with low intensity 
TMS responses these secondary effects can be expected to cancel out.

The AAL based templates (Tzourio-Mazoyer et al., 2002) were used to create a 
region of interest (ROI). This ROI included the precentral gyrus and bilateral putamen 
and thalamus. The contrast was tested at p<0.05 corrected for multiple comparisons 
(Worsley et al., 1996) over the ROI volume. 

5.2 Signal-to-noise analysis
For the thumb movement session on one subject that was performed in both the 
8-channel headcoil and in the TMS-fMRI Flex-L setup (see Experiments/General 
protocol), preprocessing and GLM statistical analysis was performed as for the ‘local-
izer’ and TMS-fMRI sessions (see above). In addition, temporal signal-to-noise (tSNR) 
was computed after realignment in order to compare actual image stability over time 
using both MR coil configurations. tSNR is computed per voxel as the value for an EPI 
image voxel averaged over time divided by the standard deviation of that voxel over 
time. Large tSNR values denote high stability.    

5.3 Registration of TMS coil isocenter with MRI scans
In order to reconstruct the coil position in the scanner, and especially the line repre-
senting the center of the TMS pulse, we measured the 3D position of the waterfilled 
tubes attached to the coil by probing them directly at the TMS coil with the Minibird 
(ascension) tracker using the Neural Navigation software (see figure 4). This resulted 
in a set of coordinates pi describing these markers. Also, 2 other positions, l1 and l2, 
describing the line coinciding with the TMS pulse were acquired directly at the coil. l1 
was located exactly in between the coil windings, and l2 at a distance 4cm below l1  on 
a line perpendicular to the TMS coils bottom surface. The line connecting l1 and l2 can 
be expected to indicate isocenter of the TMS induced magnetic field, and hence the 
location of the strongest induced current. When registered to the brain scan coordinate 
system, the location of this imaginary line inside the brain can assist us in understand-
ing evoked fMRI activation patterns. 

In a surface rendering from the T2-weighted scan, the waterfilled tubes were clearly 
visible and the same locations as measured with the 3D tracker on the real waterfilled 
tubes were marked in the T2-scan coordinate system using our neural navigation 
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software (www.neuralnavigator.com). The 3D coordinates p’i  of these marked positions 
in T2 scan coordinates were stored.

Finally we registered this TMS pulse center line to the T2 scan (and hence all other 
scans, also the fMRI scans, as they were coregistered to eachother). To this end we 
matched the coordinate set pi with p’i by computing the matrix M such that the sum 
squared distance between p’i and M pi was minimal. M was computed using point-
based registration in the exact same way as is done for TMS neuronavigation. See 
equations 1 to 9 in Neggers et al (2004) for details. Next, M was also applied to the 
measured positions l1 and l2 representing the TMS pulse isocenter. This provided a line 
connecting  l’1 and l’2  representing the TMS pulse isocenter in MRI coordinates, useful 
for interpretation of TMS evoked fMRI activation. An image was created with the same 
dimensions as the native space (unnormalized) T1 scan, and voxels in a radius of 2mm 
from the line through l’1 and l’2 were tagged with value one. This image was then nor-
malized using the parameters described above for spatial preprocessing. The resulting 
image can be overlaid on top of the anatomical scan together with the fMRI activation 
maps, aiding interpretation of these activation patterns. 

Accuracy of this point based registration depends on the inaccuracies in setting the 
markers in the T2 rendering (p’i), as well as in measuring the locations directly at the 
coil (pi). To obtain an estimate of the accuracy of the line representing the TMS pulse 
isocenter, a simulation was ran. 45 different combinations of 8 out of 10 markers were 
used to construct this line in MRI space (l’1 and l’2). The intersection points of these 
45 lines with a plane 4cm below the bottom surface of the TMS coil was computed, 
roughly corresponding with the surface of the brain below the TMS coil (see a drawing 
of this plane in figure 4). The standard deviations of these intersection points along the 
direction of induced current (see figure 4) and perpendicular to it are computed, as 
well as the largest distance between the 45 intersections in both directions is computed. 
These numbers reflect the upper boundaries of the accuracy at which we reconstructed 
the TMS pulse isocenter, as we usually use all 15 marker locations that probably yield 
an even more accurate representation. 

Figure 4. Registration of TMS coil isocenter with MRI scans: 3D position of the markers on the TMS coil and 
two points (I1 & I2) on the TMS pulse center line (line perpendicular on the iso center) were measured (a). 
In a 3d image of the individual T2TSE image, the same points are marked (b). Pointbased registration 3d 
TMS coil (Pi) markers to the 3d markers in the T2TSE image (P’i) resulted in the TMS pulse line connecting  
l’1 and l’2 (b).
45 different combinations of 8 out of 10 markers were used to construct the TMS coil center line in MRI 
space (l’1 and l’2) (d). Example of the 45 different intersection points of these different lines with a plane 4cm 
below the TMS coil plotted in a graph (e). A 3d rendering (f )  of the cortical surface, in yellow are presented 
the different coil centre lines and in blue the direction of the TMC induced current in the cortex
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6. Results
6.1 Image stability and BOLD activation in Flex-L setup
tSNR of images obtained with the Flex-L TMS-fMRI setup and the standard 8-channel 
SENSE-head MR receive coil was compared for one subject while performing a thumb 
opposition task. In figure 5a it can be seen from the tSNR maps that stability of fMRI 
measurements as obtained with our Flex-L setup was somewhat lower as compared to 
stability of fMRI measurements the 8-channel standard receive coil due to the larger 
distance between the head and the receive coils. Still, tSNR values over the acquired 
images for both receive coil configurations were within the same range and therefore 
reasonably comparable. Next, the T-maps were computed for left as compared to right 
thumb movement epochs were compared. In figure 5b it can be seen that the location 
and magnitude of activation were largely comparable for both MR receive configura-
tions. In figure 5c, a normalized average EPI image, normalized tSNR and normalize 
T1 image with the coil location are presented. Here, it can be observed that image 
intensity is not prone to signal dropout and that temporal stability does not suffer in 
the vicinity of the TMS coil. Having an electrical conductor present near the imaged 
volume could theoretically have caused such problems.

6.2 Administering TMS stimulation during fMRI: feasibility report
In general our subjects did not experience the TMS during fMRI as uncomfortable. 
The first TMS pulse evoked a startle; therefore this was released prior to the actual 
fMRI acquisition. The click sound evoked by a TMS pulse was defined as loud but 
not annoying. All participants did not report any displacement of TMS coil during 
scanning. TMS always induced the sensation of a hand/thumb movement. 

The fMRI activation results for 4 out the six subjects has been analysed here. For 
these subjects the stimulation location (as derived from the TMS pulse isocenter esti-
mated from the T2 scan) was near the intended location of stimulation. For the other 
two subjects, the head moved too much, as it appeared after the isocenter of the TMS 
pulse was computed from the T2 scan. This was probably due to head movement by 
the subject during the scanning session or head movement that occurred when placing 
the bed with the subject inside the MRI scanner. Note that positioning of the coil in de 
scanner bore was adjusted until a hand/thumb movement could be observed. 

6.3 TMS induced fMRI activation
In figure 6 representative activation patterns are presented for low vs high intensity 
stimulation TMS on M1 based on normalized MNI space data. Activation patterns 
are projected on the anatomical scan. The reconstructed TMS pulse isocenter, based 
on 15 selected markers placed on the T2 scan of the tubes attached to the TMS coil, 
is shown in yellow. Interestingly, activation does in general not appear near the TMS 
pulse isocenter but in the surrounding tissue. Table 1 presents the peak activations. For 
some sites and subjects, the area contralateral to the stimulation site was activated as 
well (see subjects MM and LH).
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  8 channel head coil                       FLEX-L coil 

Average EPI image             tSNR image     T1 and TMS stimulation site (red) 

Figure 5. tSNR images (a) and activation in M1 region (b) during thumb movement task and), 8 ch head 
coil (left panel) and FLEX-L coil (right panel).
(c) Average EPI image and tSNR of image of obtained with the Flex-L fMRI/TMS setup. An Anatomical T1 
image (acquired during earlier session with 8ch headcoil) with the TMS stimulation site presented as red dot 
for an indication of the coil position.

c.

b.

a.
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M1 stimulation T Voxel level P (FWE) location
Subject LH 3.50 0.235 -20 -20 80 (L M1)
Subject BN 4.65 0.006 -20 -22 70 (L M1)
Subject MM 3.80 0.112  28  20   0 (R putamen)
Subject FH 3.46 0.252  30  16   6 (R putamen)

For two subjects, a 3d model of the brain with TMS induced activation in red are 
presented in figure 7. The tube encircling the TMS coil as derived from the T2-weighted 
scan has been added in blue. In yellow the estimated TMS pulse isocenters based on 
45 combinations of markers (see methods) are rendered to reflect how accurate the 
isocenters were known. The blue bar, perpendicular on the yellow rods, represents the 
direction of the coil handle. In this direction the current is evoked by TMS, which 
interacts with neuronal activation. To achieve an optimal neuronal activation, it has 
been demonstrated that the evoked current has to be perpendicular to the orientation of 
the sulcus targeted with TMS (Kammer et al 2007). In order to interpret the observed 
fMRI activation, the current direction is therefore a relevant factor.

6.4 TMS pulse isocenter estimates
In figure 8 the intersection of the 45 lines representing estimated TMS pulse isocenters 
with a plane 4 cm below the bottom plane of the TMS coil centers is plotted (see figure 
4 for a graphical representation of this hypothetical plane and the isocenter lines). This 
plane roughly corresponds with the cortical surface that is stimulated. Each dot repre-
sents the intersection of the isocenter line estimated using one of the possible combina-
tions of 8 out of 10 markers used for point-based registration (see methods). In total 45 
combinations were possible. The X marks the average of all the intersection coordinates 
of that stimulation session. The projection plane (and hence the coordinate axes in 
figure 8) was rotated such that the x-axis is parallel to the line connecting the centers of 
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Figure 6. TMS induced activation patterns M1.

Table 1. Peak values and locations of TMS evoked activation
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both coil windings, and the y-axis is orthognal with respect to that line, and in parallel 
with the bottom plane of the TMS coil (the y-axis also points in the direction in which 
the current is induced by the TMS coil).

The standard deviation of the x- and y-coordinates was computed. The average 
standard deviation along in along the x-axis is 1.16 mm and along the y-axis 1.80 mm. 
Along the x-axis the maximal deviation from the average was 1.38 mm and along the 
y-axis 2.27 mm. These spatial measures can be regarded as upper limits of the accuracy 
at which the TMS pulse isocenter was estimated from the T2-weighted scan of the TMS 
coil adhesives, as we used 15 marker positions to estimate the isocenters as presented in 
figure 6 and 7.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7. 3d representation of TMS coil position and activation for M1 stimulation in subjects FH and MM
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Figure 8. intersection coordinates of 45 different combinations of markers used for pointbased registration to 
acquire the TMS location site for M1
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7. Discussion
This paper describes and validates a novel way to administer TMS to a brain region 
inside an MRI scanner and record fMRI concurrently. The method tested here allows 
the stimulation of medial as well as much more lateral areas that were so far out of reach 
for concurrent TMS-fMRI. We validated the method by stimulating motor cortex. 
Results for lateral stimulation sites are discussed in chapter 6. Furthermore, we intro-
duced a method to determine the exact location of the TMS coil isocenter, in order 
to interpret local and global activation patterns with respect to the directly stimulated 
tissue.

We succeeded in using TMS to evoke local and distal fMRI responses; near the coil 
center and also in connected areas. Results indicate that the fMRI measurements as 
obtained here are comparable with conventional fMRI acquisition in terms of temporal 
stability as well as the sensitivity to and location of task related signal changes. Further-
more, when contrasting fMRI signals for suprathreshold TMS with subthreshold TMS, 
activation was evoked for individual participants in both local and distal areas that are 
part of known functional networks. For M1 stimulation, we observed activation near 
the stimulated region, in contralateral M1, in the supplementary motor area (SMA), 
the putamen and the thalamus (see figure 6). All aforementioned regions are known to 
be connected to the motor cortex and form a functional motor network in the human 
brain (Biswal et al., 1995). Similar networks were activated for M1 stimulation in other 
concurrent TMS-fMRI studies (Baudewig et al., 2001; Bestmann et al., 2005). 

Point-based registration of the measured location of capsules attached to the TMS 
coil with the locations of the same capsules as seen in a T2 weighted MRI scan allowed 
us to visualize the estimated location of the TMS pulse isocenter with respect to the 
brain (see figure 4). Along the TMS pulse isocenter, the location with the highest 
induced current can be expected in the brain. The determination of the location of the 
TMS isocenter near the brain surface using this procedure was accurate up to a few 
millimeters. As TMS effects are not more focal than 4-8 cm2 (Thielscher and Kammer, 
2004), this accuracy is more than sufficient to determine the pulse location and inter-
pret fMRI activation maps with respect to TMS pulse location.

Interestingly, fMRI BOLD activation observed directly at the TMS pulse isocenter 
seemed minimal, but instead activation was observed in the immediate vicinity of the 
stimulated area as well as in connected brain regions. This difference was also reported 
and discussed by other concurrent TMS-fMRI studies using short rTMS trains 
(Baudewig et al., 2001; Bestmann et al., 2005). It is very unlikely that the lack of acti-
vation directly at the TMS pulse isocenter was due to a signal drop-out in brain tissue 
near the TMS coil due to magnetic field disturbance induced by the mere presence of 
the TMS coil, as this was hardly observed in our image data (see figure 5c). Nor is it 
likely that temporal noise is increased in parts of the fMRI image near the TMS coil. 
tSNR in brain tissue near the TMS coil was similar as in other cortical areas (also see 
figure 5c).  Two recent insights could explain why BOLD activation directly at the 
stimulated tissue is not as strong as in connected areas. Recently, using realistic Finite 
Element Models (FEM) of individual brains including white matter fiber orientation, it 
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was demonstrated that TMS probably also directly excites axon bundles in white matter 
deep within the cortical gyri, and only rather superficial grey matter tissue (Opitz et al., 
2011). Combined with the fact that it is now known that BOLD fMRI mainly arises 
from neuronal input (Logothetis et al., 2001) rather than the action potentials forming 
neuronal output, this could explain the phenomenon that local activation as evoked by 
TMS is smaller than distal activation. Namely, activation directly evoked in descending 
fibers would activate neurons in brain areas to which the stimulated area is connected 
through a synaptic connection, and thus generate neuronal input and hence fMRI 
BOLD mainly in the distal regions. However, such a descending signal would hardly 
contribute to local activation as axonal action potentials do not contribute much to the 
fMRI BOLD contrast. Further concurrent TMS-fMRI studies should be conducted on 
a group of subjects to investigate this phenomenon in more detail.

This study demonstrates that the present setup using a spacious configuration of 
2 FLEX coils and a custom designed TMS coil holding system is capable of reliably 
recording brain activation induced by TMS. We conclude that it is very well possible 
to record whole brain fMRI activation in known functional networks while stimulating 
the brain at medial as well as lateral cortical sites (see also figure 5). This opens up a 
whole new range of brain areas and functional networks that can be investigated using 
concurrent TMS-fMRI, when the cortical input is dependent on lateral stimulation 
sites. Such functional systems include language and memory.



117

Stimulating the motorcortex with TMS during whole brain fMRI recording: a new flexible setup

C
ha

pt
er

 5

8. References
Ashburner J, Friston KJ (2005) Unified segmentation. NeuroImage 26:839–851.
Baudewig J, Siebner HR, Bestmann S, Tergau F, Tings T, Paulus W, Frahm J (2001) Functional MRI 

of cortical activations induced by transcranial magnetic stimulation (TMS). Neuroreport 
12:3543–3548.

Bestmann S, Baudewig J, Frahm J (2003) On the synchronization of transcranial magnetic stimulation 
and functional echo-planar imaging. Journal of magnetic resonance imaging 17:309–316.

Bestmann S, Baudewig J, Siebner HR, Rothwell JC, Frahm J (2004) Functional MRI of the immediate 
impact of transcranial magnetic stimulation on cortical and subcortical motor circuits. The 
European journal of neuroscience 19:1950–1962.

Bestmann S, Baudewig J, Siebner HR, Rothwell JC, Frahm J (2005) BOLD MRI responses to repetitive 
TMS over human dorsal premotor cortex. NeuroImage 28:22–29.

Biswal B, Yetkin FZ, Haughton VM, Hyde JS (1995) Functional connectivity in the motor cortex of 
resting human brain using echo-planar MRI. Magnetic resonance in medicine 34:537–541.

Blankenburg F, Ruff CC, Bestmann S, Bjoertomt O, Eshel N, Josephs O, Weiskopf N, Driver J (2008) 
Interhemispheric effect of parietal TMS on somatosensory response confirmed directly with 
concurrent TMS-fMRI. The Journal of neuroscience 28:13202–13208.

Bohning DE (1998) Echoplanar BOLD fMRI of Brain Activation Induced by Concurrent. Investigative 
radiology:4–10.

Bohning DE, Pecheny a P, Epstein CM, Speer a M, Vincent DJ, Dannels W, George MS (1997) Mapping 
transcranial magnetic stimulation (TMS) fields in vivo with MRI. Neuroreport 8:2535–2538.

Bohning DE, Shastri A, Mcconnell KA, Nahas Z, Lorberbaum JP, Roberts DR, Teneback C, Vincent DJ, 
George MS (1999) A Combined TMS / fMRI Study of Intensity-Dependent TMS Over Motor 
Cortex. Biological psychiatry.

Krüger G, Glover GH (2001) Physiological noise in oxygenation-sensitive magnetic resonance imaging. 
Magnetic resonance in medicine 46:631–637.

Logothetis NK, Pauls J, Augath M, Trinath T, Oeltermann A (2001) Neurophysiological investigation of 
the basis of the fMRI signal. Nature 412:150–157.

Neggers SFW, Hermans EJ, Ramsey NF (2008) Enhanced sensitivity with fast three-dimensional 
blood-oxygen-level-dependent functional MRI: comparison of SENSE-PRESTO and 2D-EPI at 
3 T. NMR in biomedicine 21:663–676.

Neggers SFW, Langerak TR, Schutter DJLG, Mandl RCW, Ramsey NF, Lemmens PJJ, Postma a (2004) 
A stereotactic method for image-guided transcranial magnetic stimulation validated with fMRI 
and motor-evoked potentials. NeuroImage 21:1805–1817.

Opitz A, Windhoff M, Heidemann RM, Turner R, Thielscher A (2011) How the brain tissue shapes the 
electric field induced by transcranial magnetic stimulation. NeuroImage 58:849–859.

Ruff CC, Blankenburg F, Bjoertomt O, Bestmann S, Weiskopf N, Driver J (2009) Hemispheric differ-
ences in frontal and parietal influences on human occipital cortex: direct confirmation with 
concurrent TMS-fMRI. Journal of cognitive neuroscience 21:1146–1161.

Schutter DJLG, van Honk J (2006) A standardized motor threshold estimation procedure for transcranial 
magnetic stimulation research. The journal of ECT 22:176–178.

Thielscher A, Kammer T (2004) Electric field properties of two commercial figure-8 coils in TMS: 
calculation of focality and efficiency. Clinical neurophysiology 115:1697–1708.



118 

Chapter 5  

Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O, Delcroix N, Mazoyer B, Joliot 
M (2002) Automated anatomical labeling of activations in SPM using a macroscopic anatomical 
parcellation of the MNI MRI single-subject brain. NeuroImage 15:273–289.

Weiskopf N, Josephs O, Ruff CC, Blankenburg F, Featherstone E, Thomas A, Bestmann S, Driver J, 
Deichmann R (2009) Image artifacts in concurrent transcranial magnetic stimulation (TMS) 
and fMRI caused by leakage currents: modeling and compensation. Journal of magnetic 
resonance imaging 29:1211–1217.

Worsley KJ, Evans AC, Marrett S, Neelin P (1992) A three-dimensional statistical analysis for CBF 
activation studies in human brain. Journal of cerebral blood flow and metabolism 12:900–918.

Worsley KJ, Marrett S, Neelin P, Vandal AC, Friston KJ, Evans AC (1996) A unified statistical approach 
for determining significant signals in images of cerebral activation. Human brain mapping 
4:58–73.



119

Stimulating the motorcortex with TMS during whole brain fMRI recording: a new flexible setup

C
ha

pt
er

 5



I’m alive!
And I’m seeing things mighty clear today, I’m alive

I’m alive!
And I’m sitting here yelling and doin’ my thing, I’m alive

And I’m real!
I can breathe and touch and sing and feel, I’m alive

I’m a man!
Who don’t care if my hair’s a bit long, I’m a man

Baby, baby, baby, baby, yeah, yeah!

I’m a man!
And I’m red and I’m yellow I’m black and I’m tan I’m a man

I’m alive!
Sitting here yelling and doing my thing, I’m alive

And I’m real!
I can breathe and touch and sing and feel, I’m alive

I’m alive!
And I’m doing my thing and singing my song, I’m alive

I’m a man, I’m a man, I’m a man
I’m red and I’m yellow I’m black and I’m tan, I’m a man

I’m alive!
I’m alive!

‘I’m alive’ - Don Fardon
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Abstract
The combination of TMS with fMRI is a novel experimental technique that offers the 
opportunity to make causal inferences during the investigation of functional connectiv-
ity by examining fMRI activation patterns induced by local TMS-stimulation. The aim 
of the present study was to examine whether such TMS-induced activation patterns 
could be related to anatomical tracts by complementing fMRI-activation with DTI 
fibertracking. 

To achieve this, an anatomical T1 scan was used to define a target site in the left 
temporoparietal region, after which TMS was applied in a 3T MRI scanner and the 
TMS-induced activation pattern was measured by fMRI. Subsequently, Diffusion 
Tensor Imaging was used to reconstruct the arcuate fasciculus, which connects the 
frontal, temporal and parietal region, The TMS-induced activation pattern was then 
related to a reconstruction of this white matter tract.

The fMRI measurements revealed that application of TMS at the targeted tempo-
roparietal region induced activation in the ipsilateral inferior frontal gyrus, bilaterally 
in the supra marginal gyrus and, finally, in the temporoparietal region contralateral to 
the stimulation site. Furthermore, DTI revealed that activation in the left hemisphere 
was located near endpoints of the reconstruction of the arcuate fasiculus, confirming 
a relationship between structural connectivity and functional activity as measured by 
concurrent TMS-fMRI in this study.

Taken together, the combination of modalities in concurrent TMS-fMRI provides 
information regarding both functional and structural connectivity, as well as a measure-
ment for tract integrity. It is, therefore, a promising new tool to investigate connectivity 
deficits in neuro-psychiatric disorders in future studies. 
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1. Introduction
The combination of functional magnetic resonance imaging (fMRI) and cortical 
stimulation with transcranial magnetic stimulation (TMS), ‘concurrent TMS-fMRI’, 
is a promising new instrument in neuroscience. By locally stimulating the cortex with 
TMS, neuronal activity can be induced in connected regions and measured concur-
rently using fMRI (Denslow et al., 2005). As such, it constitutes a new non-invasive 
method to determine functional connectivity, that has strong implications for clinical 
as well as fundamental neuroscience.

The investigation of connectivity using MRI can be distinguished in terms of 
imaging modality, namely structural connectivity and functional connectivity. Structural 
connectivity is defined by the degree of anatomical connections between different brain 
regions. This is most often reflected by network models based on Diffusion Tensor 
Imaging (DTI) which enables the visualization of the directionality of white matter and 
allows differentiation of the separate fiber tracts (‘fibertracking’) (Nucifora et al., 2007) 
. In addition, the strength of the directionality can be expressed as a scalar, fractional 
anisotropy (FA). Thus, DTI provides information about the presence of an anatomical 
connection between regions as well as the strength (FA value) of that connection. 

In contrast, functional connectivity is considered to be present if there are temporal 
correlations in brain activity between certain regions. Such brain activity is typically 
extracted from fMRI scans, acquired during rest (resting state) (Greicius et al., 2003) . 
Thus, functional connectivity provides information about regions that show a similar 
activation pattern over time, but it does not necessarily imply a causal relationship. A 
more advanced method is used to determine so-called effective connectivity (Friston 
et al., 1994) .  In this case, several (partly overlapping) tasks and complex modelling 
(dynamic causal modelling), are used during fMRI measurements, in an attempt to 
infer causality in brain activity. Concurrent TMS-fMRI provides an additional, com-
plementary method to investigate connectivity in the brain. As mentioned above, 
neuronal activity can be evoked in connected brain regions by stimulation of the cortex 
using TMS and the evoked BOLD response can be examined in these activated regions 
using fMRI. The strength, shape and timing of the TMS-evoked BOLD responses 
could indicate the condition of connectivity. These markers of connectivity can be used 
to investigate neuronal connectivity in disorders such as schizophrenia in future studies. 

It has been suggested that anomalies in connectivity play an important role in several 
psychiatric disorders, including schizophrenia (Friston and Frith, 1995; Schmitt et al., 
2011).  As described in chapter 2 and 3, we found anomalies in fractional anisotropy 
and magnetization transfer ratio in the arcuate fasciculus (AF) in subjects experiencing 
severe hallucinations, which suggests anomalies on a microstructural level play a role in 
this phenomenon. 

In the previous chapter we presented a setup that enables TMS-stimulation of 
several different sites on the cortex in an MRI scanner. This setup distinguishes itself 
from others mainly by the use of MR FLEX coils instead of a birdcage head coil, which 
limits TMS coil positioning mainly to the medial cortical areas. In contrast, the FLEX 
coils used in the present set-up provide more flexibility in choosing stimulation sites 
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and also enable TMS application to lateral areas, such as the temporoparietal region. 
These areas are of great interest in the study of schizophrenia, as the arcuate fasciculi, 
which have been shown to be deviant in schizophrenic patients, depart from this area. 
In addition, chronic auditory verbal hallucinations have been previously treated using 
repetitive TMS predominantly delivered to the temporoparietal junction. The efficacy 
of this treatment, however, is currently a subject of debate. The fMRI-TMS method 
with FLEX coils may provide a useful tool to directly visualize the effect of this treat-
ment on brain activation and connectivity in different cortical areas.

The aim of the present study was to evoke activity along the AF in order to demon-
strate the feasibility of TMS-fMRI as an investigational tool for disrupted connectivity 
in the language network.  TMS stimulation was aimed at the temporoparietal region 
in order to evoke a TMS-induced response in the prefrontal areas, at the anterior part 
of the AF. Next, the AF was reconstructed with DTI fibertracking.  Finally, the fiber 
endpoints of this reconstructed tract were compared to TMS-evoked fMRI activation 
patterns in order to confirm that the observed activation patterns were near the loca-
tions that would be expected based on anatomical connections. 

 

2. Methods
2.1 Participants
All three subjects (1 male and 2 females, all right-handed, mean age 22 years) that 
participated in this experiment were familiar with fMRI. They had participated 
in a previous fMRI study, after which they had indicated that they were willing to 
participate in future experiments. All participants were screened for MRI and TMS 
contra-indications beforehand and they had no personal or familiar neuropsychiatric 
or neurological history. All procedures of the experiment were explained orally, after 
which a written informed consent was obtained. Subsequently, the subjects were intro-
duced to TMS, and their individual motor threshold (MT) was determined. MT was 
obtained with the same TMS setup as was used for fMRI experiments. 

This study was approved by the medical ethical commission of the University 
Medical Center in Utrecht, the Netherlands.

2.2 Experimental procedure
From all subjects an anatomical T1 image had been acquired, when they participated 
in an earlier experiment. In this T1 scan a region in Supramarginal gyrus (SMG) brod-
mann area 40 based on an MNI coordinate (x =  -47, y = -39, z = 52), was selected as 
target for TMS. This SMG region has been found to be a commonly activated region in 
an independent group of healthy right handed individuals performing a verbal fluency 
task. To acquire the individual native space coordinate, the MNI coordinate was 
transformed with inverse normalization and localized on the subject’s brain. Finally, 
participants were equipped with a swimcap and the coordinate was marked on the par-
ticipant’s head using neuro navigation software NeNa (Neggers et al., 2004). Directly 
following navigation, participants were installed in the MRI scanner. The TMS-fMRI 
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experiment was then performed using the FLEX coil setup described in chapter 5. After 
positioning of the TMS coil on the target location, it was tightly fixed in the setup and 
the participant could be moved slowly into the MR iso-center. 

2.3 MR acquisition
MRI was performed with a 3T Philips Achieva. Functional fMRI was acquired with the 
FLEX-L coil (as described in the previous chapter).  The total scanning duration for the 
TMS-fMRI session lasted 14 minutes, including preparation scans. In 8 minutes 232 
volumes of functional data were acquired with a 2d EPI sequence with the following 
parameters: TR/TE = 2000/23 ms, flip angle = 70°, FOV 256×208×120, matrix 64 
× 51, 30 slices, slice thickness 3.6mm, gap 0.4 mm, voxel size 4×4×3.6 mm, SENSE 
factor 1. An additional reference scan was acquired with similar parameters, but with a 
flip angle of 25° and with only 20 volumes. After the TMS-fMRI session, an additional 
scan was acquired using the body coil in order to image the location of the TMS coil 
regarding the brain. This was performed with a T2 weighted turbo spin echo sequence: 
TR/TE = 7056/80 ms, flip angle = 90°, FOV 230×230×179, matrix. During the sub-
ject’s participation in a previous experiment, two sets of diffusion weighed scans and 
one anatomical T1 scan had already been acquired using the 8 channel head coil. DTI 
parameters were:  single shot EPI-DTI scan consisting of 30 diffusion-weighted scans 
(b = 1000 s/mm²) with non-colinear gradient directions and an average of 5 diffu-
sion unweighted scans (b = 0 s/mm²), TR/TE = 7035/68 ms, FOV 240 mm, matrix 
128×128, 75 slices thickness 2 mm, no gap,  SENSE factor 3, EPI factor 35, no cardiac 
gating. The second set was identical to the first but acquired with reversed k-space 
readout (anterior direction) which allowed us to correct for geometric EPI distortions 
in the image processing step. Finally, the T1 image parameters were: TR/TE = 9.87/4.6 
ms, flip angle = 8°, FOV 224×160×168, matrix = 256×256, slice thickness 1 mm (no 
gap).

2.4 TMS procedure
TMS pulses were delivered by a Magstim Rapid² stimulator with a MRI compat-
ible coil, also produced by Magstim (Magstim Company, Whitland). The TMS coil 
contained no ferromagnetic materials and was surrounded by sturdy casing that resists 
internal forces induced by the B0 field. During the experiment, participants wore pro-
tective earplugs and additional headphones to reduce MR noise and the noise induced 
by the discharging TMS stimulator. MT was determined by visual inspection of hand 
movement as result of M1 stimulation following the procedure as described by Schutter 
& van Honk (2006).  During the TMS-fMRI sessions TMS stimulation intensity was 
alternated between high (110%) and low intensity (70%).

The combined TMS-fMRI procedure was performed as described previously 
(chapter 5). A TMS pulse was delivered in the idle period of 667 ms that was included 
into the repetition time (TR). In total 46 pulses (23 for each condition) were delivered 
in a jittered fashion. On average stimulation frequency was 0.1Hz or after each 5th 
scan. Timing of the experiment, as well as the release of TMS pulses, was controlled 
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by a laptop computer with Presentation software (Neurobehavioral Systems). Prior to 
the start of the actual TMS-fMRI experiment, a few TMS pulses were delivered to let 
participants become accustomed to the feel and sound of the stimulation. 

2.5 Analysis MRI data
Analysis of functional MRI data was performed with SPM8 (http://www.fil.ion.ucl.
ac.uk/spm/software/spm8/). First the T1-weighted anatomical scan and T2TSE image 
were co-registered to the ‘reference scan’ (a single T2⋆ weighted scan with a flip angle 
of 25°) using a rigid body transformation. Then the functional session was realigned 
(using the reference scan as the first image) to correct for head movements.  Images were 
resliced at 4 × 4 × 4 mm and spatially smoothed with an 8 × 8 × 8 full-width at half 
maximum Gaussian kernel. Finally all modalities T1 and fMRI scans were normalised 
to MNI space, using normalization parameters acquired with unified segmentation.

The fMRI data acquired during the concurrent TMS sessions was modelled as an 
event-related design with two regressors, one for high intensity stimulation and one for 
low intensity stimulation. In addition a white matter regressor, built from 4 random 
selected white matter voxels (MNI coordinates: 0 -36 14; 0 26 4; -22 20 28; 30 -18 
32), had been included to correct for any head movement during acquisition. In order 
to reveal TMS induced activity, a T-contrast testing the high intensity regressor versus 
the low intensity regressor was calculated.

Coil reconstruction was performed using point-based registration of the saline filled 
markings in the T2TSE image and measurements of the actual TMS coil (as described 
in chapter 5). 
Fibertracking was performed in native space, according to a brute force approach with 
the FACT algorithm (Mori et al., 1999), which reconstructed all possible fibers in 
the brain. The following parameters were used: 8 seed points per voxel, minimum FA 
= 0.2, maximum angle = 53 degrees and maximum average angle with neighbouring 
voxels = 90 degrees. All reconstructed fibers were co-registered to the anatomical 
T1 scan and finally normalised according to the previously achieved normalization 
parameters. Selection of fibers to isolate the arcuate fasciculus was performed in MNI 
space with an ROI method as described previously (chapter 2).   

3. Results
No adverse side effects of TMS were reported by any of the participants. In addition, 
none of the participants reported movement of the TMS coil during the TMS-fMRI 
session. Maximum stimulation output (110% of individual MT) varied between 56% 
and 73% (mean = 67 SD = 9.5) of stimulator output. 

Coil reconstruction revealed that the actual stimulation site of the cortex was very 
close to the intended target site, on average within a distance of 10 mm (SD 6 mm). 
The average coordinate of actual stimulation site was x= -52, y = 45, z = 53. 

A T-test contrasting high vs low intensity TMS revealed that TMS evoked an 
increased BOLD signal in the left inferior frontal gyrus (IFG; mean coordinates of this 



128 

Chapter 6  

 
 

activated cluster x = -58, y = 13, z = -2, brodmann area 44) and in the left SMG (mean 
coordinates of the activated cluster x = -65, y = -30, z = 24, brodmann area 40) in all 
three participants. High intensity TMS also induced contralateral activation in these 
three participants, namely in the right SMG (mean coordinates of the activated cluster 
x = -67, y = -30, z = 19, brodmann area 40) and contralateral to the intended stimula-
tion site (mean coordinate of the activated cluster: x = 53, y = -38, z = 47, brodmann 
area 40) (figure 1). Peak activations of the activated regions are presented in table 1.

Figure1: TMS induced activation patterns, 
Normalized to MNI template in neurologic orien-
tation. Views first row, from left to right: coronal 
view and sagital left hemisphere.
And in second row, from left to right: axial and 
sagittal right hemisphere.

Table 1: Max T values of TMS induced activated regions, left inferior frontal gyrus (IFG), 
bilateral supramarginal gyrus (SMG) and contralateral (CL) to stimulation site. 

L L

LL

L

L

R R

R R

R

R subj MW

subj LH subj JK

left 
IFG

left 
SMG

right 
SMG

contra 
TMS

subject LH 5.429* 4.854* 4.418* 3.663*

subject JK 3.509* 2.438 2.232 2.009 
subject MW 4.486* 4.636* 4.403* 3.401* 
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From the DTI data the left AF was reconstructed in all three subjects. A visual 
inspection revealed that the TMS induced activation patterns in the left IFG were 
located near the anterior endpoints of the AF (see figure 2). 

subject JK

subject LH
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4. Discussion
In the present study, we investigated functional connectivity with a new concurrent 
TMS-fMRI method and examined whether TMS-induced activation patterns could be 
related to anatomical tracts by complementing fMRI activation with DTI fibertrack-
ing. To our knowledge this is the first study that stimulated a temporoparietal region 
with TMS during fMRI acquisition, and combined these results with anatomical data 
obtained using DTI. Following TMS stimulation of the dorsal supra-marginal gyrus 
(SMG) / inferior parietal lobule (IPL), we almost instantly measured the TMS-induced 
activation with fMRI. fMRI activation was predominantly detected in the left IFG in 
all three subjects. With DTI fibertracking we demonstrated that the observed activa-
tion in the IFG was near the endpoint of the AF, which is the expected location based 
on anatomical connectivity of the stimulated region. Therefore, these data suggest that 
TMS at the target site, located near the posterior part of the AF, was transferred along 
this tract and evoked BOLD signal changes near its endpoint at the IFG. In addition 
to the IFG, increased activation was also present in other regions known to be involved 
in the complex network of language perception and production. This includes the left 
SMG, a region in brodmann area 40, which is anatomically connected with the IFG 
(Catani et al., 2005).  Finally, TMS stimulation induced BOLD signal changes in 
contralateral areas as well, namely in the right SMG and the contralateral homologue of 
the stimulation site. Although these activations were somewhat less pronounced com-
pared to the ipsilateral regions, they could nevertheless be detected. This suggests that 

Figure 2: TMS induced activation pattern (red) with reconstruction of the acruate fasciculus (yellow). The 
location of the TMS stimulation site is presented in blue.

subject MW
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activation was also transferred along the corpus callosum and activated these regions in 
the contralateral hemisphere. 

The present results demonstrate that the combination of TMS-fMRI is a feasible 
method to investigate functional connectivity along white matter tracts in a causal 
fashion. The stimulation site and the ipsilateral activated areas are connected by the 
SLF and its component the AF (Makris et al., 2005). However, this is not always clearly 
visible in the 3d reconstructions presented in figure 2, as fibers did not always end 
in the activated region. There are two possible explanations for this. First, these acti-
vated regions are located in grey matter (GM) and FA values in GM are much smaller 
than in white matter (WM). When an axonal bundle approaches GM tissue, the FA 
value along that bundle will decrease near its endpoint until this FA drops below the 
stopping threshold adopted in DTI fibertracking algorithms (see methods section). 
Therefore, reconstructed fibers do not seem to reach GM region. Secondly, AF fibers 
branch out before reaching their endpoints. It is possible that these fibers cannot be 
completely followed by the tractography algorithm because they intermingle with other 
fibers with different orientations. The FACT algorithm employed in the present study 
follows the principal diffusion direction for fibertracking. This can be insufficient in 
differentiation of smaller tracts in regions with fibers that are orientated differently and 
it is therefore less suitable to use fMRI-based activation maps as seed regions of interest 
(ROIs) to demonstrate connecting white matter pathways between regions. Therefore, 
we adopted a method with 2 coronal planes to isolate the AF, which is independent 
of fMRI activation.  This could be improved further by implementation of a more 
advanced fibertracking method, such as the probability-based fibertracking algorithm, 
(Behrens et al., 2007) which also takes secondary diffusion direction into account.  

A limitation of this study is the small sample size, as only three subjects were 
included. In addition, the activation patterns were sometimes below the statistical 
threshold, mainly because of the lack in power. Furthermore, the current design could 
be improved in several ways. An increase in scanning time would allow to run more 
trials. This increase in number of trials would improve power and thus yield stronger 
effects. In addition, the timing could be more efficient. Currently, we applied about 
600ms of idle time, which could be reduced by about 400ms, reducing the total TR to 
1.6 ms. More volumes could then be acquired in the same time period, and this would 
improve the sampling rate. Applying more pulses (high frequency TMS) in the idle 
period might also increase the strength of the activation in connected areas. Finally, 
high frequency TMS could also be realized by increasing the time between slice acquisi-
tions (interleaved TMS-fMRI Bestmann, Baudewig, & Frahm, 2003).

5. Implementation in future research / future directions  
The combination of TMS-fMRI offers new possibilities to investigate the neurobio-
logical basis of several neuro-psychiatric disorders by comparing readout measures of 
TMS-evoked brain activation between a patient group and a healthy control group. 
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The investigation of auditory verbal hallucinations (AVH) in schizophrenia, for 
instance, constitutes an interesting application for this method. AVH are a character-
istic symptom of schizophrenia, which is persistent in a subset of patients. Functional 
MRI has previously demonstrated the involvement of bilateral language-related areas 
during AVH (Diederen et al., 2011), such as the inferior frontal gyrus, which is asso-
ciated with language production, and temporal and temporoparietal areas, which are 
associated with language perception. It has been suggested that patients with AVH 
attribute self-generated speech fragment to an external source and do not recognize 
them as self-produced language (Frith, 1992). A defect in the mechanism called corol-
lary discharge (Feinberg, 1978; Ford et al., 2007) could be the basis of this misattribu-
tion, and such a defect may stem from structural and/or functional abnormalities of 
the arcuate fasciculi. There are indeed several indications that aberrations in the AF are 
associated with AVH (de Weijer et al., 2011a, 2011b) and that these aberrations might 
underlie the defect in corollary discharge. In addition, interhemispheric communica-
tion between the language areas and their right sided homologues through the corpus 
callosum (transcallosal inhibition) may be altered as well. The right hemisphere seems 
to be predominantly involved in the experience in AVH (Sommer et al., 2008) and 
might therefore play an important role in misattribution of inner speech and interfere 
with normal language processing in the left hemisphere. Furthermore, DTI studies 
(Kubicki et al., 2008) have shown alterations in the corpus callosum, which also sug-
gests disrupted communication between the hemispheres in subjects with AVH.

Although the anatomical aberrations in the language network discussed above 
have implicated several compromised systems as the origin of AVH, it remains to be 
determined whether active signalling along these pathways is actually impaired. This 
could be tested directly, and in vivo, in a follow-up study using the same set-up as the 
present study (including the earlier described improvements) in a group of patients 
with AVH and a group of healthy control subjects. Various parameters of the TMS-
induced BOLD responses in connected regions, such as shape, timing and strength 
of the responses, could then be compared between the groups. One would expect 
that connectivity deficits might be reflected in a decrease of the TMS evoked BOLD 
response in the connected regions. Previously, the principle of transcallosal inhibition 
(mentioned above), was shown to be reduced in the motor system of patients with 
schizophrenia (Fitzgerald et al., 2002) and it might therefore also be reduced in the 
language network. These deviations might be reflected in decreased signalling from 
one hemisphere to the opposite. With TMS-fMRI this could be translated in a 
decreased BOLD response resulting from a TMS pulse at the contralateral side. Based 
on the DTI/MTI findings in earlier chapters, one would also expect signalling to be 
decreased along the AF. The present setup also offers the opportunity to investigate 
directionality of signalling within the network. By including more stimulation sites, 
it would be possible to investigate whether signalling between nodes is bidirectional 
or unidirectional. Finally, this method may be particularly suited to test the effects of 
therapeutically administered TMS on temporoparietal areas. Repetitive TMS applied to 
this area has been used to treat intractable AVH with inconsistent results. The reasons 
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why this treatment is not consistently effective are unclear and may vary from “applying 
treatment to the wrong place” or “local stimulation did not affect more distant places” 
to “insufficient stimulation to decrease local brain activation”.  This question could 
be addressed by administering repetitive TMS in the MRI environment, which is yet 
another step to take.

6. In conclusion
In the present study, we demonstrated a new method to investigate functional con-
nectivity, validating TMS-induced BOLD-activation with structural imaging. The 
described combination of TMS and fMRI provides a promising tool to investigate 
connectivity deficits in neuro-psychiatric disorders and also to test how the brain may 
respond to repetitive TMS treatment. 
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Counterfeit, counterfeit
That’s what you’re...shouting at me
I could run but I’d sooner have this

And I make her bleed
Liquid blood stain from your finger

Say what do you see?
Remind you that whatever you get is

What you want it to be

You get a feeling, that’s what you choose
And I was told there was not a minute to lose

So if you’re waiting, jump out your skin
To find a cure for whatever state your in

I tell my good friends ‘get out the way!’ of all the lightning hitting the trees today
We get a thrill from clapping our hands

We find the nearest girl and ask her to dance.

Oooh, I put on my shoes and I’m ready for the weekend
Oooh, I put on my shoes and I’m ready for the weekend
Oooh, I put on my shoes and I’m ready for the weekend
Oooh, I put on my shoes and I’m ready for the weekend

Coming back coming back
To a place where, I never knew.
Pushing knobs, pushing faders,
But I, don’t know what to do.

This reflection in my mirror, reminds me of you.
When I tilt it towards the sunlight, you fall out of view.

You get a feeling, that’s what you choose.
And I was told there was not a minute to lose

So if you’re waiting, jump out your skin
To find a cure for whatever state your in

I tell my good friends ‘get out the way!’ of all the lightning hitting the trees today?
We get a thrill from clapping our hands

We find the nearest girl and ask her to dance.

Oooh, I put on my shoes and I’m ready for the weekend
Oooh, I put on my shoes and I’m ready for the weekend
Oooh, I put on my shoes and I’m ready for the weekend
Oooh, I put on my shoes and I’m ready for the weekend

‘Ready for the Weekend’ - Calvin Harris



Discussion

Chapter 7



138 

Chapter 7  



139

Discussion

C
ha

pt
er

 7

This chapter summarizes the main findings of the research described in this thesis. In 
addition, the implications of these findings are discussed, concerning the pathophysiol-
ogy of auditory verbal hallucinations (AVH), followed by methodological considera-
tions and future directions.

1. Summary
In chapter 2 we investigated white matter integrity of the arcuate fasciculus (AF) 
and 3 additional control tracts with DTI and MTI in a group of patients with severe 
AVH. Fractional anisotropy (FA) values along all tracts were decreased in the patient 
group compared to the healthy control group. However, our main finding was that 
the magnetisation transfer ratio (MTR) values of the AF were increased specifically 
in the patient group. Moreover, the increased MTR values in the AF correlated with 
the severity of positive symptoms in the group of schizophrenia patients. This specific 
combination of decreased FA and increased MTR values in the AF of patients could 
suggest an increase in free water concentrations, which may be caused by deterioration 
of the axons or the supportive glial cells. Degradation of axons and/or glial cells in the 
AF may prevent effective corollary discharge from the inferior frontal speech regions to 
the temporo-parietal language perception areas. This, in turn, might lead to inadequate 
recognition of self-generated verbal thoughts, thus provoking the experience of hearing 
voices (Ford et al., 2007). The results presented in this chapter raised the question 
whether the microstructural alterations, reflected by decreased FA and increased MTR, 
are specific for AVH or related to schizophrenia in general. This question was the start-
ing point for the study presented in chapter 3. In this chapter, we tried to disentangle 
the relationship between structural changes in the language network and the AVH 
phenomenon from other symptoms related to schizophrenia. To achieve this, a third 
group of subjects was included, namely a group of non-psychotic individuals with AVH 
(Sommer et al., 2010), which enabled the investigation of AVH as a relatively isolated 
symptom. FA values in all four tracts were decreased in the schizophrenia group com-
pared to the healthy control groups as well as the non-psychotic AVH group. However, 
both groups experiencing AVH shared a similar increase in MTR in the AF, that was 
not present in the other tracts. These findings indicate that, although less severe, the 
neuronal deviations underlying AVH in non-psychotic individuals with AVH are 
similar to patients with schizophrenia. A recent fMRI study on brain activation during 
AVH also suggested similar pathophysiological mechanism for AVH in non-psychotic 
and schizophrenic subjects (Diederen et al., 2011). 

Taken together, the increased MTR values, suggest that similar pathophysiology is 
present in psychotic as well as non-psychotic individuals with AVH. As the increase in 
MTR may reflect a degradation of the axons and/or glia cells in the AF, this finding 
may represent the physiological basis of the inadequate corollary discharge underlying 
AVH in both groups. Increased MTR values may, therefore, represent a causal deficit 
in auditory verbal hallucinations. In contrast, decreased FA is not specifically related 
to AVH, but rather to other aspects of schizophrenia or perhaps the disease in general.
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In chapter 4, we compared the efficacy of two repetitive transcranial magnetic stim-
ulation (rTMS) protocols as treatment for AVH in patients with schizophrenia. One 
group of patients received conventional 1Hz rTMS, while the second group received 20 
Hz stimulation. Both groups were treated on five consecutive days, after which rTMS 
was repeated once a week for one month. Both groups showed a significant decrease in 
AVH rating scores; however, this was not sustained during the follow-up treatments. 
A direct comparison between both treatment groups led to the conclusion that 20 Hz 
rTMS is not more effective than 1 Hz rTMS. The fact that subjects in both groups 
reported a decrease in AVH may be partly, or perhaps even for largly, due to a placebo 
effect (Slotema et al., 2011). Despite the reported decrease in AVH, the study failed to 
confirm a significant effect for 1Hz rTMS compared to a placebo condition. This sug-
gests that rTMS, delivered according to current protocols, might not be as suitable and 
effective a treatment as was suggested 10 years ago. Unfortunately, the neurobiological 
mechanisms underlying TMS as a treatment modality are still unknown. This urges the 
need to investigate the mechanism of action of TMS in the brain, both locally as well 
as distally. Another issue is the fact that the language network, in which AVH reside, is 
a very complex system; therefore, it might not be sufficient to focus on just one cortical 
region for treatment of AVH. Indeed, previous chapters suggest the involvement of 
impaired pathways between several regions in subjects with AVH. 

The aim of the research described in chapter 5 was to develop an experimental 
approach to investigate functional connectivity in the language network. Currently, 
cortical stimulation is restricted to medial brain areas in standard TMS-fMRI setups 
using birdcage headcoils. In order to be able to stimulate temporal/parietal regions, we 
developed a TMS-fMRI setup with two FLEX coils, which provided more flexibility 
in targeting cortical regions. Using the setup presented in this study, it was possible to 
make reliable recordings of brain activation induced by TMS. Stimulation of the motor 
cortex (M1) evoked both local as well as distal BOLD responses. Although activity was 
not apparent directly under the coil, this does not necessarily imply that this region had 
not been stimulated by TMS. After all, movement of the hand/thumb was evoked by 
high intensity TMS in all subjects during the experiment. A possible explanation for 
the lack of local activation is that the neurons activated by TMS did not elicit a BOLD 
response, as it is known that BOLD merely reflects synaptic input (Logothetis et al., 
2001). Another possibility is that white matter in the M1 region was activated directly 
by the electric field induced with TMS (Thielscher and Kammer, 2004), which also 
does not yield a BOLD response. 

Taken together, this study showed that it is possible to perform whole brain fMRI 
recordings while stimulating the brain with TMS at both medial as well as lateral sites 
of the brain. This introduces a whole new range of brain areas and functional networks 
that could be investigated using concurrent TMS-fMRI, such as different components 
of the language network. In addition, a new method was presented that allows recon-
struction of the centre of TMS stimulation after the scan has been completed. To the 
best of our knowledge, we were the first to implement this in TMS-fMRI.
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In the final chapter 6, we used our TMS-fMRI setup to investigate functional con-
nectivity in the language network. To validate the TMS-evoked activation pattern, we 
also performed DTI fibertracking in order to be able to reconstruct the AF. Stimulation 
of the left temporoparietal region yielded an activation pattern that included regions 
involved in language processing and perception, such as the left IFG, bilaterally in the 
STG and a region contralateral to the stimulated region. Activation in the left hemi-
sphere was located near endpoints of the DTI-reconstruction of the AF. These findings 
suggest that the TMS-induced signal from the temporoparietal region was transferred 
along the AF to the ipsilateral region and, in addition, that it passed through the corpus 
callosum to activate the contralateral regions. 

Furthermore, this study shows that the combination of TMS-fMRI is a promising 
tool to investigate inter- and intrahemispheric connectivity. Thus, the combination 
of neuroimaging modalities with TMS has the potential to become an important and 
valuable new instrument to provide further insight into connectivity deficits in neuro-
psychiatric disorders and especially for the pathophysiology of AVH.

 

2. Role of the arcuate fasciculus in AVH 
The findings reported in chapter 2 and 3 support the model of impaired corollary 
discharge as a mechanism underlying AVH. Alterations in the microstructure of the 
AF were present in schizophrenia patients with AVH and similar alterations were also 
found in healthy, non-psychotic subjects with AVH, although to a lesser degree. Such 
microstructural alterations might prevent effective corollary discharge and thereby lead 
to AVH.

The morphology of the AF is very specific for the human brain. An AF-like structure 
is also present in primates, but is much less complex in shape and its connections less 
widespread. Compared to chimpanzees and macaques (Rilling et al., 2008; Thiebaut 
de Schotten et al., 2011), the AF in the human brain demonstrates stronger connec-
tions towards the medial temporal gyrus and towards the frontal regions (brodmann 
areas 44,45 & 47). This connection pattern is probably a consequence of evolutionary 
mechanisms. Being able to perform the complex behavior of spoken language clearly 
distinguishes humans from other non-human primates, and it appears that the AF 
evolved with this ability. Defects within this white matter tract could therefore lead to 
delusional experiences of spoken language.

Timothy Crow also suggested (Crow, 1997) that language and psychosis have a 
common evolutionary origin and that obtaining the ability of language evolved together 
with the process of hemispheric specialization. Thus, alterations in hemispheric speciali-
zation (caused by alterations in white matter of the AF and/or transcallosal signalling) 
might be an additional risk factor for a disorder as schizophrenia and AVH, in addition 
to the intra-hemispheric aberrations described in chapter 2 and 3. For this reason, it 
is important to investigate whether alterations in white matter tracts connecting the 
hemispheres cause altered lateralization of language function in patients suffering from 
AVH. The application of TMS-fMRI, as described in chapter 4 and 5, could prove to 
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be a valuable tool in answering this question, because it enables the investigation of 
signalling along the AF and between hemispheres.

In conclusion, the AF appears to be a highly complex and delicate structure. 
Therefore, only a slight deterioration in integrity may have a great impact on cognitive 
functioning.

3. Implications for treatment of AVH using rTMS
The findings mentioned above may shed some light on the somewhat negative findings 
regarding TMS as a treatment for AVH. Based on our DTI/MTI findings, we can con-
clude that white matter integrity in the AF, an important pathway connecting cortical 
language regions, is impaired in subjects with AVH. This impairment may result in 
insufficient inhibition or excitation of certain regions within that network, which in 
turn could be associated with impaired corollary discharge or impaired transcallosal 
inhibition. In order to be considered as a potential treatment, rTMS should compen-
sate for these defects by restoring the balance between excitation and inhibition of 
these regions. In theory, rTMS might accomplish this by either changing white matter 
properties or by altering the nodes of the network. The latter possibility is most likely, 
since  rTMS has the potential to induce local and distal inhibition or excitation within 
a network (Chen et al., 1998; Maeda et al., 2000). If rTMS can indeed elicit distal 
effects, in addition to local effects at the site of stimulation, the rTMS-induced effect 
should transfer within the network. 

The experiment presented in chapter 6 demonstrates that, above-threshold TMS 
applied to the temporoparietal region of healthy individuals affected parts of the 
cortical network previously associated with AVH. Therefore, it is possible that conven-
tional rTMS protocols, which stimulate below threshold levels, may not be sufficient 
to achieve such distal effects. This possibility could be investigated in a follow-up study, 
in which the experiment is repeated in patients with AVH in order to examine whether 
above-threshold TMS is indeed able to affect distal regions in this patient group. 
Another possible reason for the limited effect of rTMS might be the fact that activation 
in this network has such a complex pattern, that it is not feasible to alter the network 
state by stimulating/inhibiting only a single node with TMS. Taken together, recent 
studies have failed to demonstrate a beneficial effect of TMS on AVH. This might be 
due to either the use of a TMS intensity that is not capable of eliciting distal effects, or 
the fact that the network mediating AVH is too complex to be altered by manipulating 
just one node.

4. Methodological considerations
Several considerations should be taken into account when interpreting the findings 
presented in this thesis. First of all, neuroimaging can only reveal processes that occur 
at macro-level.  For example, voxel size of the fMRI scans performed for this thesis 
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was 4×4×4 mm,whereas voxel size of DTI and MTI scans was 2×2×2 mm. However, 
the underlying processes in which we are interested occur at micro-level. The diameter 
of an individual axon, for example, typically ranges from 10 to 20 microns. Another 
consideration concerns the interpretation of the group differences in FA and MTR 
values in the DTI-MTI studies (Chapters 2 and 3), which is not straightforward. The 
observed differences in FA value may not only reflect changes in myelin content, but 
also differences in axonal diameter or differences in the alignment of the axons. Simi-
larly, although MTI is sensitive to the presence of macromolecules (including myelin), 
the MTI scans described in this thesis were also sensitive to changes in T1 relaxation 
times. Such changes in T1 relaxation times may be due to an increase in free bulk water. 
Thus, we cannot exclude the possibility that the observed group differences in MTR 
reflects differences in free bulk water, instead of differences in myelin content. 

The functional imaging (fMRI) studies described in this thesis, made use of BOLD 
signals and although there is solid evidence (Logothetis et al., 2001; Lee et al., 2010) 
that these indeed correspond with neuronal activity, they still only provide an indirect 
reflection of neural activity. In addition, changes in BOLD response are slow compared 
to the changes in neuronal activity that underlies them. Therefore, temporal resolution 
of fMRI is low compared to TMS and electroencephalography (EEG). 

Finally, one should take into account that the subjects of the different experimental 
groups included in chapters 2-4 represent a highly selected population. The patient 
group is not representative for schizophrenia patients in general, as it consisted of 
chronic patients with severe, medication-resistant AVH. The same applies for the group 
of non-psychotic individuals that were included in our experiments. These subjects all 
volunteered to participate in the experiment via a website. This mode of recruitment 
may have attracted a specific subgroup of subjects, e.g. those with a more ‘out-going’ 
personality.

5. Future directions 
Further studies are necessary to examine the relationship between deviations in FA and 
MTR and the neurobiology and histopathology underlying these findings. Combin-
ing MRI-findings with post-mortem studies, using brain tissue of patients or animal 
models with different types of white matter disorders could provide more insight into 
this relationship.

In order to determine whether rTMS could be useful in the treatment for AVH, 
it is important to acquire more knowledge concerning the local and distal biological 
effects of TMS. In the TMS protocol that is currently used pulses are applied that are 
below the motor threshold. However, when TMS pulses were applied that exceeded the 
motor threshold, in the studies described in chapters 5 & 6, we clearly observed distal 
responses occurring after single-pulse TMS. It is, therefore, possible that an increase in 
intensity might improve the efficacy of rTMS, although this may, in some cases, exceed 
current safety regulations (Wassermann, 1998; Rossi et al., 2009). 
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In this thesis we showed that TMS-fMRI is a feasible and valuable tool to inves-
tigate the language network that is affected in individuals with AVH. The next step 
would be the application of TMS-fMRI on the temporoparietal region in a group of 
schizophrenia patients with AVH. In such a study, information can be gathered regard-
ing inter-hemispheric and intra-hemispheric connectivity, based on the properties of 
the induced BOLD response. This provides us more insight into if these mechanisms 
are affected in schizophrenia and might underlie AVH.

6. Conclusion
The aim of this thesis was to gain more insight into the pathophysiology of AVH. Our 
main finding was the association of AVH with impaired white matter integrity of the 
AF, the main tract between primary cortical language regions. This finding supports 
the model of aberrant connectivity within the language network as a pathofysiologi-
cal mechanism underlying AVH. Our second conclusion was that rTMS treatment in 
schizophrenia needs to be thoroughly re-evaluated regarding its therapeutic potential. 
Finally, we demonstrated the potential of a concurrent TMS-fMRI setup to investigate 
the inter- and intra-hemispheric connectivity of the language network, which may yield 
valuable knowledge regarding the pathophysiology of AVH.
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You say you want a revolution
Well, you know

We all want to change the world
You tell me that it’s evolution

Well, you know
We all want to change the world

But when you talk about destruction
Don’t you know that you can count me out

Don’t you know it’s gonna be all right
All right, all right

You say you got a real solution
Well, you know

We’d all love to see the plan
You ask me for a contribution

Well, you know
We’re doing what we can

But when you want money
For people with minds that hate

All I can tell is brother you have to wait
Don’t you know it’s gonna be all right

All right, all right

You say you’ll change the constitution
Well, you know

We all want to change your head
You tell me it’s the institution

Well, you know
You better free you mind instead

But if you go carrying pictures of chairman Mao
You ain’t going to make it with anyone anyhow

Don’t you know it’s gonna be all right
All right, all right

All right, all right, all right
All right, all right, all right

‘Revolution’  - the Beatles
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Ik loop over straat met de zon in mijn knopen
Een lucht zo mooi als ik nog nooit heb gezien

Een oude hit uit een raam en de ruis in de bomen
En opeens dat gevoel weer: het kan nog misschien

En meisjes en jongens op fietsen en brommers
Met grote verlangens en het hart op de tong

Nee, het is niet te laat, we zijn met de meesten
Die niets anders hoeven dan hun hoofd in de zon

Alles komt terecht
We zijn er nog niet 

Maar we zijn onderweg
Alles komt terecht
We beginnen pas

We beginnen nu pas echt

Dit wordt al eeuwenlang vurig bevochten
De mensen willen wel als je ze laat

Het licht in de ogen, het recht en de vrijheid
Om met hun hoofd in de zon te kunnen lopen op straat

Alles komt terecht
We zijn er nog niet 

Maar we zijn onderweg
Alles komt terecht

Het moet en het zal op een dag in het najaar
Met een lucht zo mooi als je nog nooit hebt gezien

Een oude hit uit een raam, de ruis in de bomen
En opeens dat gevoel: het kan nog misschien

Alles komt terecht
We zijn er nog niet 

Maar we zijn onderweg
Alles komt terecht
We beginnen pas

We beginnen nu pas echt

‘We beginnen pas’ – De Dijk
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Je moet je het schompes werken
En je doet het maar waarvoor, maar waarvoor?

Het kan elk moment gebeurd zijn
Maar ze gaan nog even door

Nog dichter bij de afgrond
Nog dichter op het vuur

En het wordt alleen maar erger
Erger ieder uur

Bommen voor de vrede
Leugens om het geld

En wij moeten betalen
Ook al had je niets besteld

Waar halen ze de lef
En de gore moed vandaan
Lief, trek iets moois aan

Want we gaan
Dansen dansen dansen
Dansen dansen dansen
Dansen dansen dansen

op de vulkaan

Dan gaan we 
Dansen dansen dansen
Dansen dansen dansen
Dansen dansen dansen

op de vulkaan
Dansen op de vulkaan

Dit is de grote vrijheid
Je mag zeggen wat je denkt
Niet dat het iets uitmaakt

Met hoeveel je ook bent
Zij doen toch wat ze willen
Al moet de hele boel vergaan

Lief, trek iets moois aan

Want we gaan
Dansen dansen dansen
Dansen dansen dansen
Dansen dansen dansen

op de vulkaan
Dansen op de vulkaan

Straks is het verboden
Of te laat om nog te gaan
Lief, trek iets moois aan

Want we gaan
Dansen dansen dansen
Dansen dansen dansen
Dansen dansen dansen

op de vulkaan ...

‘Dansen op de Vulkaan’ - De Dijk
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Samenvatting in het Nederlands

‘Wat doe je nu?’ Deze opmerking is de afgelopen vier jaar menigmaal in mijn gedachte 
ontsprongen als er weer iets mis ging bij het schrijven van mijn analyse scripts. Voor mij 
is het overduidelijk dat deze opmerking een levendige gedachte van mijzelf was. Maar 
er zijn mensen die dit soort opmerkingen niet als gedachten ervaren, maar als stemmen. 
De ervaring van stemmen horen zonder de aanwezigheid van een externe bron, wordt 
een auditieve verbale hallucinatie (AVH) genoemd. Dit is een symptoom dat veelvuldig 
voorkomt bij schizofrenie patiënten. AVH zijn moeilijk te behandelen met medicatie, 
veel patiënten ondervinden wel enig herstel op andere symptomen van de ziekte door 
medicatie gebruik, maar blijven rapporteren dat ze stemmen horen. Naast patiënten, 
komen AVH ook voor in de gezonde populatie. Iedereen heeft in zijn leven wel eens de 
ervaring gehad dat hij een stem hoorde, zonder dat daar direct drugs of alcohol gebruik 
in het spel was. In het UMC Utrecht, hebben we met het verken-uw-geest onderzoek, 
meer dan 100 personen verzamelt, die met enige regelmaat stemmen horen en geen 
psychiatrische of neurologische diagnose hebben. Deze groep is erg waardevol omdat 
deze ons meer inzicht kan geven in het ontstaan van stemmen zonder dat er een (lange) 
periode van ziekte, medicatie en drugs gebruik vooraf is gegaan. Om AVH te kunnen 
bestuderen, gebruiken we oa verschillende beeldvormende technieken. Deze beelden, 
of scans worden verzameld met een MRI scanner, waarin een sterk magneet veld 
het mogelijk maakt om onderscheid te maken tussen verschillende hersenstructuren 
of om hersenactiviteit te meten. Deze hersenactiviteit meten we met behulp van 
functionele MRI. Deze activiteit meten we in de hersencellen of neuronen (grijze 
stof ). Echter zijn we ook geïnteresseerd in verschillen de structuren van het brein, zoals 
de verbindingswegen tussen groepen neuronen. Deze bundels bestaan uit een grote 
verzameling axonen, waarmee neuronen elkaar signaleren. Voor een goede werking in 
het brein, is een goede communicatie tussen de verschillende hersendelen noodzakelijk 
en dus is een goede kwaliteit van de witte stof essentieel. Nu kunnen we deze bundel 
niet direct meten in een MRI scanner, we meten daarom het diffusie van waterdeeltjes 
langs zo’n baan met diffusie tensor imaging (DTI). Het diffusie patroon geeft ons een 
indicatie van de kwaliteit van de witte stof in het brein. Doordat we ook de richting 
van de diffusie weten, kunnen we de witte stof bundel reconstrueren (fiber tracking). 
Ten slotte geeft magnetisatie transfer imaging (MTI), een ander techniek, ons ook een 
indicatie van witte stof kwaliteit, echter op net weer andere aspecten dan we met DTI 
kunnen achterhalen.

Een andere methode om meer te weten over de betrokken hersen gebieden van is 
het stimuleren van specifieke locatie op de hersenschors (cortex) en dan vervolgens 
veranderingen in gedrag en/of hersenactiviteit te meten. Dit wordt transcraniële 
magnetische stimulatie genoemd. Door een elektromagnetische spoel wordt een sterke 
maar korte stroom gestuurd, als gevolg hiervan ontstaat er een kortdurend maar sterk 
magneetveld onder de spoel. Als de spoel op het hoofd geplaatst is, induceert dit 
magneet veld een klein elektrisch veld in de buitenste laag van de cortex. Hierdoor 
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ontstaat er een klein stroompje wat neuronen in ‘rust’ activeert of actieve neuronen 
verstoort.

Het doel van het onderzoek in dit proefschrift was om meer inzicht verkrijgen 
in de pathofysiologie van AVH. Hiervoor combineerden we verschillende soorten 
beeldvormingstechnieken en ontwikkelden we een opstelling voor corticale stimulatie 
in de MRI scanner. 

Hoofdstuk 2 behandelt een studie waarin de fasciculus arcuates gemeten met 
verschillende MRI modaliteiten. De fasciculus arcuates is een belangrijke witte stof 
baan, die taalgeralateerde gebieden in het brein met elkaar verbindt. Deze gebieden 
worden nl ook actief tijdens hallucinaties. Het blijkt dat in de groep patiënten met 
AVH, specifiek deze bundel een afwijking vertoont, wat we gemeten hebben met water 
diffusie als ook magnetisatie transfer. Deze afwijking reflecteert een afname in integriteit 
van de witte stof, vermoedelijk door een afname oligodendrocyten, cellen die nodig zijn 
voor het onderhoud en productie van myeline, wat essentieel is voor goed functioneren 
van de witte stof, het doorgeven van het neuronale signaal door de bundel. Dit defect 
in deze bundel kan ertoe bij dragen dat de stemmen niet herkend worden als eigen 
gedachtes.

In hoofdstuk 3 wordt de studie vervolgd naar afwijkingen in de witte stof baan 
die mogelijk betrokken zijn bij het ervaren van AVH. Om er zeker van te zijn dat onze 
eerdere bevinding specifiek met stemmen horen te maken heeft en niet algemeen voor 
de ziekte schizofrenie is, hebben we onze patiënten vergeleken met een vergelijkbare 
groep gezonde mensen die ook stemmen horen. Dit is een groep gezonde mensen die 
een vergelijkbaar symptoom heeft als in schizofrenie; het horen van stemmen. In deze 
groep meten we ook een afwijking in de fasciculus arcuates, zij het in op slechts één 
modaliteit, nl magnetisatie transfer. In de groep gezonde mensen met stemmen, hebben 
we een vergelijkbaar pathofysiologie gevonden, zij het in minder ernstige vorm dan bij 
patiënten.

In hoofdstuk 4 wordt de effectiviteit van een behandelingsmethode tegen AVH 
bij patiënten met schizofrenie onderzocht. Deze behandeling wordt gedaan met 
repetitieve TMS (rTMS). Van rTMS is bekend dat het hersenactiviteit kortdurend kan 
beïnvloeden en mogelijk heeft het effecten voor een langere termijn. Er zijn al meerder 
studies hiermee gedaan, echter de resultaten zijn niet altijd even consistent. Deze 
studie vergelijkt een veel toegepast stimulatie protocol met een onconventioneel hoog 
frequentie protocol. TMS wordt toegepast op de gebieden die dmv fMRI geassocieerd 
zijn met hallucinaties. Beide groepen laten na behandeling een vergelijkbaar herstel 
patroon zien, voornamelijk na de 1e week van stimulatie is er een afname in AVH 
klachten. Echter is er geen verschil in effectiviteit van beide methodes te zien. 

In hoofdstuk 5 behandelen we de ontwikkeling van een methode waarin we TMS 
toepassen in de MRI scanner tijdens de afname van functionele scans om connectiviteit 
binnen het taalnetwerk te kunnen bestuderen. Specifiek voor deze opstelling is de 
mogelijkheid om ook de meer laterale gebieden van het brein te kunnen stimuleren in 
een MRI scanner. TMS op de cortex laat activiteit zien in de gebieden die onderling 
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verbonden zijn. Stimulatie van de cortex laat meetbare lokale en distale veranderingen 
in hersenactiviteit zien.

Ten slotte in hoofdstuk 6, wordt een eerste verkenning naar TMS geïnduceerde 
activiteit in het taal netwerk beschreven. In drie vrijwilligers wordt een deel van de 
temporopariëtale hersenschors gestimuleerd met TMS tijdens de afname van een 
fMRI scan. Het doel is te onderzoeken of activiteit langs de arcuate fasciulus binnen 
dezelfde hemisfeer meetbaar is met fMRI en tevens wordt er getracht de signalering 
tussen de hemisferen te meten. Dit levert ook informatie op over de communicatie 
tussen de taalgebieden, zowel binnen als tussen de hersenhelften. Stimulatie van de 
temporopariëtale regio resulteerde in activiteit in aan taalgebieden verbonden met de 
fasciculus arcuates. Tevens zijn activiteit veranderingen ook waargenomen in de andere 
hemisfeer, contralateraal aan de stimulatie locatie en aan de rechter fasciculus arcuates.

Conclusie
Het doel van dit proefschrift was meer inzicht te verwerven in de pathofysiologie van 
AVH. De hoofdbevinding is de associatie van AVH met een vermindering van de 
integriteit van de witte stof in de fasciculus arcuates, welke de primaire taal gerelateerde 
gebieden op de cortex met elkaar verbindt. Deze bevinding sluit aan bij het model 
van een vermindering in connectiviteit vinnen het taalnetwerk als een pathofysiologisch 
mechanisme wat ten grondslag ligt aan AVH. Vervolgens kunnen we concluderen 
een her-evaluatie van de therapeutische werking van rTMS als behandeling van AVH 
noodzakelijk is. Ten slotte hebben we de werking van de door ons ontwikkelde TMS-
fMRI opstelling kunnen aantonen om de connectiviteit in het taalnetwerk te kunnen 
onderzoeken. We kunnen concluderen dat dit een waardevolle combinatie is om meer 
over de pathofysiologie van AVH te kunnen achterhalen. 
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Ik wil niet klef doen ofzo, ik wil niet melancholisch in m’n raps doen ofzo
Maar ik wil iets echts doen ofzo, ff zeggen dat ik jullie flex vind enzo
Want ik ben niet slecht enzo en volgens mij ben ik best wel goed gelukt
Maar met zo’n vader en moeder mag ik volgens mij spreken van geluk

Want ‘t is jullie behoorlijk goed gelukt
Om in de grote boze stad een kleine jongen op te voeden

Die kleine jongen die is nu wat groter
En volgens mij staat die jongen stevig in zn schoenen

En mocht ik ooit zo gezegend zijn
Met de komst van een kleine gnaoui in mn leven

Dan hoop ik dat ik minstens net zo veel
Als ik van jullie heb gekregen ook weer door kan geven

Deze is voor jullie, dankjewel voor alles, deze is voor jullie,
Deze is voor jullie, dankjewel voor alles, deze is voor jullie

Ik wil niet klef doen ofzo, ik wil niet melancholisch in m’n raps doen ofzo
Maar ik wil iets echts doen ofzo, ff zeggen dat ik jullie flex vind enzo

Want ‘t klinkt misschien gek ofzo maar ik ben best wel blij dat ik jullie ken
Want jullie zijn eerlijk tegen mij en laten mij zijn wie ik ben

En dat is zeldzaam tegenwoordig want trouw is een uitstervend gen
En ik ga geen namen noemen ofzo als je luistert dan weet je wie je bent
En jullie hebben allemaal bewezen dat jullie d’r zijn in tijden van nood

Dus julie zijn geen vrienden maar familie, en familie blijft familie tot je dood

deze is voor jullie, dankje wel voor alles, deze is voor jullie
deze is voor jullie, dankje wel voor alles, deze is voor jullie

Ik wil niet klef doen ofzo, ik wil niet melancholisch in m’n raps doen ofzo
Maar ik wil iets echts doen ofzo, ff zeggen dat ik jou flex vind enzo, schatje

Ben je gek ofzo, dacht je echt dat ik jou was vergeten
Je bent ‘t topje van m’n hart, een essentieel deel van m’n leven

Ik ben gelukkig met jou zo iemand kom je niet snel tegen
Dus wat ik wil zeggen tegen jou, dat komt wel, we hebben nog wel even

Deze is voor jullie, dankje wel voor alles, deze is voor jullie
Deze is voor jullie, dankje wel voor alles, deze is voor jullie

Deze is voor jullie, dankje wel voor alles
Deze is voor jullie, dankje wel voor alles

‘Voor jullie’ – Flinke Namen
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Dankwoord

This is it, het zit erop, klaar, toedeledoki, finito, basta. De formaliteiten zitten erop 
en het is tijd om het succes te delen. Hierbij wil ik de volgende mensen even heel erg 
bedanken en hun een plekje gunnen in het meest gelezen deel van een proefschrift. 

Iris, je vroeg me of ik ook promotieonderzoek wilde doen, dat vond ik wel prima 
en we zouden met de DTI scans aan de slag gaan. Dat zijn we dus ook gaan doen. 
Daarnaast wilde ik het liefst nog even ingenieurtje spelen, door met de magneten aan 
de slag te gaan, dank je voor de vrijheid die ik kreeg om TMS in de MRI scanner te 
kunnen verwezenlijken. Je hebt wat te stellen gehad met de enigszins ruwe (diamantjes, 
al zeg ik het zelf ) van teksten die je van me kreeg. Dank je wel voor al je geduld. 
Aangezien ik voor alles open sta, hebben we heel wat ideeën besproken. Indrukwekkend 
ook elke keer je aanstekelijke drive en productiviteit in het bedenken van onderzoeken. 

Bas, we hebben ons een hele klus op de hals gehaald, maar kan me met jou geen betere 
compagnon bedenken. Dat magneten speelgoed is machtig mooi, en erg fijn omdat dat 
met een fysicus te doen. Je bent altijd even enthousiast en bovenal aanstekelijk, wat er 
ook voor gezorgd heeft dat de aio dip die iedereen mee maakt, bij mij niet een absoluut 
minimum bereikte maar beperkt is gebleven tot enkele lokale minima. Als ik er even 
helemaal niets in mijn t-mapjes zag, vond jij altijd wel weer de dingen terug die ook 
verwacht werden. We hebben ook buiten de wetenschappelijk uurtjes veel lol gehad: 
schaatstochtjes, gletsjertochten, ATBtochten, Australië avonturen, primusbezoekjes, je 
zorgde altijd dat er een bittergarnituur bij de pilsjes stond en dat allemaal zonder dat 
het een drol kostte.

René Mandl, gozer, voor mij staat diffusie altijd onlosmakelijk verbonden met 
de Sex Pistols, echt fantastisch.  Ik heb volgens mij niet veel meer colleges gehad 
die (muzikaal) aansprekender waren dan die. Ik kon altijd even bij je langs voor het 
relativeren (als me dat zelf niet meer lukte) van wat we nou eigenlijk aan het doen zijn 
en wat een grappig wereldje dat wetenschap ook eigenlijk is. Dank voor je lees, schrijf 
en muziek tips. 

René Kahn, onze maandelijkse afspraken waren altijd kort en bondig, doch enkele 
keer kwam het voor dat ze wat langer duurder. Dit was dan voornamelijk omdat er 
weer eens potlood versleten was en achter was gebleven op een manuscript van mij. We 
waren het lang niet altijd erover eens, maar ik moet zeggen dat ze op veel onderdelen 
beter leesbaar zijn geworden. 

De leescommissie, Sarah Durston, Peter Luijten, Nick Ramsey, Dennis Schutter 
en Max Viergever heel erg bedankt voor het lezen van mijn manuscript en het zitting 
nemen in de corona.

Dan wil ik nog een aantal collega’s bedanken voor het fijne samenwerken op 
wetenschappelijke vlak en, niet geheel onbelangrijk, de sociale aspecten. Laat ik bij 
de spectrum aio’s beginnen. Dank voor de gezellige avondjes en het delen van onze 
kritische blik op de wetenschap. 

Kirstin (KD2),  collega vanaf het eerste uur en partner in crime bij de eerste UMC 
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TMS studie. Je talent voor organisatie en overzicht waren echt onmisbaar de afgelopen 
4 jaar. Ik blijf gefascineerd door je poppen, frutsel en shop obsessies. Doe de groeten 
aan die dude van je. En veel succes bij jouw proefschrift afronding. Echt, het is best 
leuk om te doen hoor. 

Remko, kamergenoot van het 2e uur. Wat hebben wij te stellen gehad in dat 
vrouwennest waarin wij ons overeind moesten houden. Gelukkig konden wij op onze 
kamer goede gesprekken hebben over zaken die er echt toe doen in het leven. Heel veel 
succes de komende tijd met het afronden van jouw proefschrift, en ze zijn allemaal 
helemaal voor jou nu.

Kelly (KD1) weet je wat, als we dan toch in de buurt zijn, dan gaan we met een 
busje onvoorbereid door Australië cruisen en dan doen we gewoon 5000km in 5 dagen 
tijd, moet kunnen toch. En het kan ook gewoon, wat een hilarische onderneming, 
zeker ook toen bleek dat we een dag voor op schema liepen. Dank voor het delen van 
de kritische blik op de wondere wereld van de wetenschap en de leuke discussies die 
dan daaruit volgden. 

Thomas, mijn 1e uurs kamergenoot, smeerkroketten en mosterdsoep, op de 
donderdag was de lunch toch wel altijd het hoogtepunt van de week. Jammer dat 
we niet samen de rit hebben kunnen uitzitten. Ik heb onze brainball competitie wel 
moeten missen.

Anne Lot, Sanne en Marieke en alle spectrum studenten die de afgelopen jaren 
meegeholpen hebben bij het draaiende houden van de onderzoeken. Jullie zijn met zo 
veel geweest dat ik jullie allemaal onder de eervolle noemer {spectrum studenten} gooi.

Buiten de spectrum maatjes zijn daar ook nog andere (f )MRI/TMS/schizofrenie 
maatjes die het leven op de afdeling enorm verrijkte.

Tjerk, dude, als oud-mastergenoot uiteindelijk heb jij je ook in het UMC genesteld. 
Erg gezellig, alleen liepen we niet synchroon met congresbezoekjes. Mooi dat we dat in 
San Diego even goed hebben ingehaald, door elke avond een bbq te houden onder het 
genot van een fijne country plaat. Bedankt voor je hulp bij de layout van dit proefschrift 
en het altijd in zijn voor een pilsje, en het me bijna altijd ophalen voor de lunch. Aan 
al je adviezen voor goede films, series en muziekjes ben ik helaas lang niet allemaal toe 
gekomen. 

Mariet, er zijn gelukkig ook anderen die wel eens het gevoel voor nuance verliezen. 
Mooi was ook ons uitje van de UU onder de Galgenwaard. Daar hebben wij de 
‘interactieve’ workshops ook echt interactief gemaakt. Laat je even weten als je weer 
naar huis gaat, dan bespaar ik je voortaan de varkensoren.

Ik vond het mooi om in het laatste half jaar, het genot van het proefschrift schrijven 
met jullie te mogen delen. Ik heb toch altijd gezegd dat het goed dat het goed zou 
komen met dat proefschrift. En mooi dat we elke formaliteit als een festiviteit hebben 
kunnen vieren, de laatste weken. Succes ende heel veel plezier in Nijmegen.

Bram, slaapmattie van weleer, wat een grap dat wij elke keer die kamer mochten 
delen, keigezellig toch, ondanks dat ons ritme naargelang de week vorderde nogal wat 
uit elkaar begon te lopen. Aan het eind van zo’n week, werden de zeecontainers naar 
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mijn zin steevast te vroeg gelost. Thomas ‘Eisbein’ Scheeuwe, respect voor je prestatie 
in de biergarten te Berlijn, veel dank ook voor het bewaken van de orde, tijdens die 
beruchte rumoerige laatste vrijdagmiddag sessie, gekkenhuis was het. De meiden van 
de militairen, Sanne en Mitzy, fijn dat jullie me deelgenoot hebben gemaakt van jullie 
ballen. Cédric, ‘ok nog één biertje dan’, Thalia, Sven, Marc, Florian, ouwe scanreus, 
Willemijn, Esther, Janna Marie, Anna, Anouk, Mireille, Janna, Lucija, Lotte, 
Elian, parttime kamergenoot, Carolien, Eske, Hilleke, Matthijs ‘sssst daar heb je 
hem’ Vink, Mathijs Raemaekers, Neeltje, Rachel, Serge en Yumas, de man van de 
digitale speeltuin.

Naast het zelf schrijven, had ik ook het genoegen om het eens van de andere 
kant mee te maken en zelf eens het potlood te hanteren. Michelle en Helene ik heb 
veel geleerd bij het begeleiden van jullie scripties. Helene, jij was ook nog eens fijne 
reisgenoot van het grote door-Australië-rij-avontuur.

En bovenal ben ik ook heel veel dank verschuldigd aan alle proefpersonen, patiënten, 
gezonde vrijwilligers met/zonder stemmen die in hun vrije tijd voor ons in de scanner 
wilde, zodat wij mooie plaatjes konden maken. De volgende helden hadden het lef 
om na mij tussen de magneten te kruipen. Ik zal jullie met zorg conform braak brok 
anonimiseren: bloe, negg, merk, meye, spit, sera, heil, hout, winc, kore. Respect en 
echt heel erg bedankt.

Het in het werk stellen van de TMS-fMRI studie had nogal wat omhanden, er 
moest ondermeer een monitorings commissie samengesteld (DSMB). Hiervoor wil ik 
Nick Ramsey, Frans Leijten, Huib Versnel en Kit Roes, bedanken voor het zitting 
nemen in deze DSMB commissie. 

En daarnaast zou het onmogelijk zijn om het te verwezenlijken zonder de kennis en 
kunde van de volgende personen van de verschillen afdelingen in het UMC.

Bij het ISI: Dennis Klomp en Chris Bakker, bedankt voor jullie hulp en kennis 
over de MR fysica en veiligheid. Jullie bijdrage aan het realiseren van de TMS in de 
scanner was onmisbaar.

De afdeling Ontwikkeling van Medische technologie & klinische fysica: Erwin 
Bakker, dank voor al je hulp bij het realiseren van onze opstelling voor in de MRI, 
en je enthousiasme en betrokkenheid met ons onderzoek. Bart, Johan en collega 
instrumentmakers, wat jullie ogen niet hoeven te zien kunnen jullie handen toch 
maken, wat een vakmannen zijn jullie. Mike, dank voor de mooie renderings van de 
opstelling. 

Institute of Neurology, University College London: Sven Bestmann, thank you for 
your advice about our TMS-fMRI experiments.

Zelfs zonder TMS komt er al heel wat kijken bij het afnemen van een MRI. 
MRI laboranten Gerrit en Niels en collega’s bedankt voor jullie geduld en kennis 

van de scanner en protocollen.
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De scanners van het eerste uur Erica, Peter en later kundig opgevolgd door Florian 
en weer later Mirjam, heel erg bedankt voor van het aangename gezelschap en het 
bedienen van de scanner, waarbij we dikwijls de weekenden en avonden doorbrachten. 
En uiteindelijk Fiona, je hebt net nog wat van die complexe scansessie van me mee 
mogen pikken. Dank voor de koffie voorziening die je hebt aangebracht en voor je hulp 
bij de TMS-fMRI experimenten. 

Dank aan de collega’s van Parnassia in Den Haag: Jan Dirk Blom en Karin 
Slotema en in het Antonius te Nieuwegein: Eduard Boezeman en de laboranten voor 
de samenwerking.

Dennis Schutter, Ik had wat tijd over tijdens mijn stage en ik kon bij jou een extra 
experimentje doen. Dat werd een crash course TMS, 24 subjects in 2 weken, wow. Ook 
jouw enthousiasme over onderzoek werkte behoorlijk aanstekelijk. Erg leuk ook dat je 
uiteindelijk in mijn leescommissie bent beland.

De dames van het secretariaat 33, Linda, Thania, Maria en Karin, en nog bedankt 
voor de broodjes en taartjes. Het secretariaat van de divisieleiding, Emmy en Elly, 
en natuurlijk Tjen, dank voor je support de laatste weken bij de afronding van dit 
proefschrift.

Monique, je hebt wat te stellen gehad met mijn georganiseerde chaos waaronder 
mijn bureau schuil ging. Binnenkort is-tie helemaal leeg en kun je helemaal erop los 
gaan. 

De psychiaters en arts-assistenten van de afdeling. Elemi, het aanbod voor mijn wiel 
staat nog steeds, Marco, Metten, Chris, Steven, Christiaan en Jaap.

De labratten van de afdeling neurowetenschappen & farmacologie voor de 
gezelligheid bij (vooral jullie afdelings-) borrels, RMI formaliteiten en summerschools 
(Krista en Mariken dank voor de organisatie daarvan) maar bovenal bij de neuroscience 
meetingen in San Diego & Washington. Onze taak lag daar uiteraard naast het delen 
van wetenschappelijke kennis ook op het op onze manier sfeer verhogen van de saaie 
en schamele dutch socials. Bedankt Frank, Jules, Anne en de rest, en natuurlijk de 
usual suspects, op wiens aanwezigheid ik de laatste jaren altijd kon rekenen bij het 
consumeren van de avondmaaltijd in de brink. 

Esther, jou ben ik onwijs veel dank verschuldigd voor het schaven van mijn enigszins 
ruwe teksten in dit proefschrift en natuurlijk voor je betrokkenheid bij bovengenoemde 
gelegenheden.

Rob & Fred, heel veel dank voor de vermakelijke uurtjes op de vrijdag en later 
donderdag en vrijdagavond.
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En dan kom je thuis en dan is er gelukkig nog een leven, wat echt heel leuk is. Het 
weekend, wat vrijdagmiddag al begon werd uitgebreid benut om weer even helemaal bij 
te komen. En daar ben ik de volgende mensen heel erg dankbaar voor hun bijdrage aan 
dat leven, echt zonder jullie was het niet zo leuk geweest. Ik wil jullie dan ook echt even 
sorry zeggen van de laatste maanden. Daar gaan we dan:

De zware jongens: David, Jisse, Maarten, Pieter, Roeland, Thijs en Ysbrand, 
onwijs veel dank voor het aanvullen van mijn socio/sport life. Voor het op het juiste 
moment langskomen met de flessen rode wijn om spontaan een Spaanse wijnavond 
in te lassen, fietstochtjes in de buurt, Winterberg, de Marmotte, Como (hai guys), 
de barbecues, in zomer/winter, plantsoen en balkon, de bezoekjes aan de primus, de 
carnavals uitspattingen, de wintersport avonturen in de sneeuw als op het ijs. Het moet 
allemaal gebeuren, gewoon omdat het kan.

De Licht 2003 mannen, Chris, Frank, Jisse, Luc, Marijn, Paul, Rutger, Simon en 
Tiemen. Onwijs dank voor de leuke tijd buiten de boot die gelukkig nog steeds voort 
duurt. Ons eerste lustrumfeest, de wildwateravonturen in de immer zonnige Ardennen. 
De bioscoop bezoekjes waarbij ik niet in slaap ben gevallen. En de ouzo’s die steevast 
geschonken werden als er een avondje Grieks getafeld werd in de ouzerie. 

Het Sylvester genootschap, Minke, Kevin, Suzanne, Robin & Marisa, Saskia 
& Marijn, Stijn & Hanneke en Annelies voor het afsluiten van de week op den 
vrijdagavond, of het juist goed beginnen van de week op de zondagmiddag. De 
bijeenkomsten werden laatste tijd minder frequent, maar het gezelschap groeide wel. 

Hugo en Remco, de vrindjes van vroeger. Onze tijd gaat terug naar de middelbare 
school, de tijd van de breakfast club en de 8 & 16-bit consoles. Erg fijn dat we nog 
dikwijls (natuurlijk veels te weinig) op pad gaan voor een pilsje, 90s avondje of om veels 
te dure sushi te nuttigen. Het is leuk om dan onze jeugdsentimenten te kunnen delen. 

Jos, voor ik maar überhaupt nog een studie afgerond had, controleerden wij de 
situatie tussen de uitlaten, bdp-zenders en de olieresten. Het was toch best een mooie 
tijd, dat geklooi in dat stoffige magazijn. 

Marcel, amigo, de andere helft van het IBB koningskoppel, hulde voor ons jochie.

Brecht, ik kijk nu al uit naar je komst zodat we wat Engelse paadjes kunnen 
omploegen. 

Mijn paranimfen, daar was geen twijfel over natuurlijk. Mijn grote ‘zus’ Marjolein, 
we hebben samen al zoveel avonturen beleefd in verre warme en koude oorden alsook 
in en rond IBB en de Livingstonelaan, dat je natuurlijk ook hier aan mee moest doen. 
Ik vind het erg cool dat je mijn paranimf bent. Mirjam, je bent in het UMC begonnen 
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als mijn student die niet mijn student was. En het duurde gelukkig ook even voor dat je 
hier ook weer weg was. Scannen met jou als scan chef, was al een feest, maar het werd 
pas echt leuk toen je mee ging doen met het magneten spel. Ik vind het heel vet dat je 
paranimf bent.

Corry, mijn favoriete schoonmoeder, Frans, Lysanne, Jorik & Marlieke, dank 
voor al die Brabantse warmte & gezelligheid. 

Dirk Jan & Netta, bedankt dat ik besta, want zonder jullie was dit boekje er al 
helemaal niet geweest. Dank voor jullie steun en vertrouwen al die jaren en voor het 
in de wind slaan van de adviezen van mijn brugklasmentor, maar voorlopig ben ik wel 
even ‘uitgestudeerd’….denk ik.

William, het blijft klote dat je er niet meer bij kan zijn. 
(‘He sings the songs that remind him of the good times. 
He sings the songs that remind him of the better times’)

Myrte, bedankt dat je me de laatste maanden met rust hebt gelaten zodat ik 
mijn proefschrift af kon ronden. Twee neuronerds in één huis is het voorbeeld voor 
multidisciplinaire neurowetenschappen natuurlijk. Maar sommige gevechten moet je 
alleen aan gaan. Onze draken zijn verslagen en nu samen op naar een nieuw avontuur. 
Veel dingen zijn toch wel leuker met jou dan zonder jou. You are my favourite game.

(de soundtrack is hier te vinden: http://tinyurl.com/7wazmzn)
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