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Voices repeating me 
“Feeling threatened? 

We reflect your hopes and fears” 
Voices discussing me 

“Others steal your thoughts 
they’re not confined 
within your mind.” 

(Dream theater, Voices)

They came here to electroshock me 
But can they erase you from my mind?

(Alice Cooper, Cold Machines)
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One flew east…
One flew west…

One flew over the cuckoo’s nest.
Children’s poem in ‘One flew over the cuckoo’s nest’ by Ken Kesey

In the past years, the book ‘One flew over the cuckoo’s nest’ by Ken Kesey and the 
even more famous film version of it has often been mentioned to me. Perhaps, talk 
of treatments with brain stimulation entailing the use of magnets or electricity on 
the skull, led some people to think of scenes about electroshock therapy forced 
unto unwilling patients. It may have been the reason why some patients hesitated 
when we asked them to take part in one of our studies. Because as of today, still not 
everyone knows that even one of the most invasive forms of ‘non-invasive’ brain 
stimulation - electroshock therapy – has changed into a much friendlier treatment 
method. And more important to the topic of this thesis, that even less invasive 
methods exist, which can be applied without sedation and practically painfree to 
usually very willing patients. Even to healthy research participants, like students 
hoping to combine extra study credit with a little memory boost right before an 
important exam. Or certain professors who do not hesitate to lend their own heads 
to their PhD students to practice said methods on.
Now that we have cleared up some of the common misunderstandings, let us dive 
a little further into the stimulating subject that has kept me busy in the past years.

A short history of non-invasive brain stimulation
The history of magnetic and electrical brain stimulation is quite fascinating, and 
certainly much older than one would expect. The use of electricity as a treatment 
for disease already began with the Romans, who sometimes used torpedo fish to 
treat pain. In 46 A.D., Roman physician Scribonius Largus  advised using these 
fish for gout and headaches by placing them on the spot of the pain. “Headache, 
even if it is chronic and unbearable, is taken away and remedied forever by a 
live black torpedo placed on the spot which is in pain, until the pain ceases.” 1. 
Later, use of these fish against melancholia and epilepsy was mentioned in Persian 
philosopher Avicenna’s Canon of Medicine (980-1037) 2.
During the Enlightenment, interest rose in using electricity on animals and 
humans. In the 18th century, physicians (as well as charlatans and quacks) used 
Leyden jars – or Leiden jars, as they originate from an invention by Petrus van 
Musschenbroek from Leiden 3 -  for a wide range of problems, among which 
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headaches and hysteria 4. A Leyden jar was a device storing static electricity with 
one electrode inside and one outside a glass jar. American scientist and politician 
Benjamin Franklin had an incident with such Leyden jars to his head, which led 
him to discover that electricity could be quite safely applied to the cranium. His 
Dutch correspondent Jan Ingenhousz wrote to him about a similar accident, and 
accounted that it seemed to have improved his mental capacities. This led them to 
consider the use of static electricity as a treatment for “mad men” and for epilepsy, 
and they called for clinical trials on the topic 5,6.  Italian scientist Luigi Galvani 
became known for his experiments on frog legs, using electricity to induce muscle 
spasms. It was in fact Galvani’s nephew Giovanni Aldini who applied direct current 
to treat psychiatric conditions, among which also an account sounding much like 
today’s schizophrenia or schizoaffective disorder 5,6. 

Perhaps the most remarkable aspect of these historical examples is that electricity 
was already used for experimental and therapeutic purposes long before the 
natural science paradigm had conceptualized it in terms of free electrons flowing 
among atoms, and that even then a distinction was already made between 
electrotherapy – which is a precursor to transcranial electric stimulation and 
partially to transcranial magnetic stimulation – and electroconvulsive therapy, the 
forerunners of ECT, which are beyond the scope of this thesis but are described in 
detail by Max Fink 7.

Transcranial Magnetic Stimulation
The principles of transcranial magnetic stimulation (TMS) are based on 
electromagnetic induction, a physical phenomenon discovered by Michael 
Faraday in 1831.  He found that passing an electric current through a coil of thin 
wire generates a magnetic field, and that the change of this magnetic field again 
generates an electric current 8.
A TMS coil consists of a wire loop through which runs a short but strong current 
pulse, creating a magnetic field. This coil is held over a subject’s head and produces 
an electric current in the subject’s brain that is caused by the magnetic field 
generated by the coil, surpassing the skull and thus not much hampered by the 
impedance problem one would otherwise face when trying to use electricity on the 
brain non-invasively. The electric current induced by the rapidly changing magnetic 
field in the brain locally polarizes or depolarizes neurons, leading to excitation or 
inhibition of the local neuronal tissue 9. This in turn can have different effects, 
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depending on the exact location that is stimulated, the shape of the pulse and the 
stimulation frequency that is used. A clear example is stimulation of the primary 
motor cortex (M1), which generates visible involuntary finger movements; motor 
evoked potentials that can also be recorded with surface electromyography 10.  
It is also possible to evoke a speech arrest by targeting the left inferior frontal 
cortex with multiple TMS pulses at a high frequency 11, and visual phosphenes 
or temporary scotomas by stimulating the occipital cortex with respectively high 
frequency or low frequency TMS 12.  
When TMS is applied in the form of multiple subsequent pulses, it is called 
repetitive TMS (rTMS), which allows for a strong and highly focused intervention 
in the brain without the need of having to open the skull. Again dependent upon 
the used TMS frequency, rTMS can be used to induce either long term depression 
(LTD) or long term potentiation (LTP) in the brain, meaning it can lead to a 
longitudinal reduction or enhancement of synaptic transmission 13–15.

TMS is usually only applied to areas of the brain that are relatively close to the 
skull. Different types of coils exist, but the most used types are the so-called figure-
of-eight coils, which reach a depth of approximately 2 cm 13. This type of coil is 
unable to reach brain areas at further depths, although some different types of coil 
have been developed that are able to reach brain areas up to 6 cm deep, such as 
double cone coils, H-coils and Halo Circular Assembly-coils 16.

TMS is currently extensively used as an experimental and diagnostic tool for 
both research and treatment purposes. For therapeutic purposes, rTMS has 
been investigated in a large number of conditions in neurology and psychiatry. 
It is used for treating depression, schizophrenia, obsessive-compulsive disorder, 
anxiety disorders, addiction, tinnitus, stroke, Alzheimer’s disease, Parkinson’s 
disease, epilepsy, amiotrophic lateral sclerosis, multiple sclerosis, consciousness 
disorders, pain, and conversion 17. Use of rTMS in these conditions is primarily in 
experimental settings, as for most of them the efficacy has not yet been sufficiently 
proven compared to placebo. One exception is its use in major depression. 
Specifically, after abundant evidence of its clinical efficacy, in the United States 
the FDA has approved several TMS devices for treatment of depression 18 and 
since 2017 several health insurers in the Netherlands cover the use of rTMS for 
the treatment of depression, based on advice by the Dutch Healthcare Association 
(Zorgverzekeraars Nederland). 
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Transcranial Direct Current Stimulation
Transcranial Direct Current Stimulation (tDCS) is a technique that was  researched 
quite briefly during the 1960s, but without much success. It has been rediscovered 
quite recently, and has since been heralded as a technique with great potential for 
focal stimulation and a limited number of side effects 19–21. With this method, a 
very small direct current of 1 to 3 mA runs between two electrodes, an anode and 
a cathode. The current induces subthreshold stimulation of the underlying brain 
tissue, probably (although not certainly) in a modulatory manner. It cannot induce 
action potentials, but it may alter the spontaneous firing rate of neurons at rest 22. 
The proposed effect of this on the brain is polarity-dependent: it is thought that the 
neuronal tissue under the anode is modulated to increase cortical excitability, and 
under the cathode modulated to decrease cortical excitability. This is supposed to 
lead to LTD- and LTP-like effects in the brain, leading to longer-lasting aftereffects 
of tDCS 23,24, although it should be noted that this hypothesis has not yet been 
corroborated. Recent studies show that the mechanism of modulation is more 
complex, and the specific neurobiological mechanism of tDCS is therefore still 
quite unclear 25,26. Also of importance to note is that the modulatory effects of tDCS 
on the brain has been established in the animal brain after both in vitro and in vivo 
tDCS 27, but evidence of this in the in vivo human brain has yet to appear.
 
tDCS is currently a popular method in many fields of research. In basic neuroscience, 
it is used as a tool to test the functional roles of cortical brain areas and to test 
its effect on different aspects of cognitive functioning such as attention, learning 
and memory 28. Furthermore, it is used as an experimental treatment method in 
various neurological and psychiatric diseases, such as major unipolar depression, 
addiction, craving, and fibromyalgia 21, tinnitus, pain, Parkinson’s disease, 
movement disorders, motor stroke, aphasia, multiple sclerosis, Alzheimer’s 
disease. and schizophrenia. However, for definite conclusions about the efficacy 
or inefficacy of tDCS treatment in these conditions, more research is required 21,29.

It is easy to explain why tDCS has seen such a surge of interest. First of all, the 
apparatus is portable and relatively cheap. As a treatment method, it poses few 
risks and has a very mild side-effect profile, with known side effects being of a 
transient nature 30. Moreover, there are possibilities for tDCS to be applied at home, 
which may relieve burden from professional caregivers 31. In experimental settings, 
it is a lot easier to create double-blind designs with tDCS than it is with rTMS. The 
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treatment does not produce any distinguishing sounds or muscle twitches, like 
rTMS does sometimes. There is a slight sensation to tDCS, which is often described 
by patients as being slightly burning, itching or tingling, lasting for approximately 
the first 30 to 60 seconds of treatment. After that, the sensation ceases. For this, 
sham procedures have been developed to mimic these initial sensations, which are 
incorporated into devices with specific study modes 23,29.

Auditory Hallucinations
My research has focused on the application of rTMS and tDCS in patients suffering 
from auditory hallucinations. My first meeting with such a patient was at the start 
of a research internship during my master program. She was my own age, and 
sat in front of me speaking about the horrifying things that were said to her every 
waking hour of every day. It was utterly shocking and did not leave my mind for 
weeks. Neither did any of the stories from other patients I met after that. It required 
some practice to be able to leave the impact of those stories at the hospital instead 
of taking them home. Unfortunately, the people experiencing these hallucinations 
cannot do the same. How wonderful would it be, if we would be able to help them 
leave those haunting words at the hospital as well, never to return? Discharge the 
voices.
Auditory hallucinations are most often associated with psychotic disorders, such 
as schizophrenia. This is not strange, as 60 to 70% of patients with a schizophrenia 
spectrum disorder experience these hallucinations 32. This thesis will mostly focus 
on hallucinations in such psychotic disorders, but it is of value to emphasize that 
auditory hallucinations can be present in many other diseases. In psychiatry, they 
can in fact be seen in the context of any disorder. Some indication of their presence 
in psychiatric disorders other than schizophrenia are: borderline personality 
disorder (40%), unipolar depression and bipolar disorder (45%), anxiety disorders 
(14%), autism (6%) and posttraumatic stress disorder (15%) 33. They also occur 
outside of psychiatric disease, for example in neurodegenerative disorders such 
as Parkinson’s disease, dementia with Lewy bodies, Alzheimer’s disease, and 
frontotemporal dementia 34. Auditory hallucinations can occur in participants with 
hearing loss, although it should be mentioned that hearing impairment may also 
be a risk factor for psychosis 35. Lastly, auditory hallucinations also occur in the 
general population, with 15% of otherwise healthy individuals reporting them 36.
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In the context of psychotic disorders, auditory hallucinations are often negative, 
derogatory, and/or threatening in nature. They may contain personal insults, 
criticism, threats and commands, and can instigate violence and even suicide 
attempts 37–39. During some of the studies that are described in this thesis, we asked 
patients to give us examples of what the voices were saying. Just a small grasp of 
these many examples may provide a more lively insight into how disturbing these 
hallucinations can be:

•	 You are worthless
•	 You should commit suicide
•	 We will drive you insane
•	 You only have 2 hours left to live!
•	 Die! Burn!
•	 (suggestive) The train is over there….
•	 I will cut you in half
•	 They are coming for you

Hearing such comments - often on a daily basis, sometimes even continuously - is 
a heavy burden and severely decreases the quality of life. Hallucinations also seem 
heavily intertwined with delusions, one confirming the other in existence 40

In about 75% of cases, antipsychotic drugs elicit sufficient response; the 
hallucinations are eliminated or at least reduced to a manageable level. However, 
in the remaining 25% of patients, the hallucinations persist after treatment with 
different first- and second-generation antipsychotic drugs, including clozapine 41. 
For these patients, few other treatment options are available. Cognitive behavioral 
therapy is an additional treatment option, as it can help patients to better cope 
with the hallucinations; for example to ignore them, prevent interaction with them 
and to stop following command hallucinations 42–44. But this does not eliminate 
or reduce the hallucinations themselves, which are therefore often referred to as 
being medication-resistant or even treatment-resistant. Even if a patient manages 
to no longer be afraid of the voices, it is not hard to imagine that simply having 
a conversation becomes very hard when hearing other voices at the same time. 
The persistence of the hallucinations remains burdensome, and therefore it is 
of great value to find a treatment method that has the ability to reduce auditory 
hallucinations.



1

General Introduction | 17

NIBS in Auditory Hallucinations
In the past few decades, advances in neuroimaging research have led to several 
findings that indicate the involvement of certain brain networks in the mediation 
of auditory hallucinations. Specifically, functional neuroimaging techniques 
such as positron emission tomography (PET) and functional magnetic resonance 
imaging (fMRI) have indicated the association of aberrant neural activity in several 
language-related brain areas with the experience of auditory hallucinations 45–47.
As transcranial magnetic stimulation was found to reduce cortical activation 48, 
interest in its use for auditory hallucinations rose. The idea was that reducing 
cortical activation in brain areas found to be activated during the experience of 
auditory hallucinations might lead to a reduction of the symptoms as well. In 
1999, Hoffman et al. 49 first started using low-frequency (i.e., 1-Hz) rTMS in three 
patients with treatment-resistant auditory hallucinations, in a cross-over design 
with a sham condition. The target of stimulation was the left temporoparietal 
junction, a brain area previously associated with the experience of auditory 
hallucinations 45. All three patients improved more in the active condition than 
in the sham condition. In two patients the hallucinations nearly vanished, albeit 
temporarily. Many studies followed 50, often using similar designs of 1-Hz rTMS to 
the left temporoparietal junction. Other studies used alternative rTMS protocols 
or treatment locations, such as targeting rTMS to the right temporoparietal 
junction 51,52 or bilateral stimulation 53.  Most of these studies used the 10-20 EEG 
international system to target the TMS coil to the desired location on the brain 54. 
Some other studies used individual peak hallucinatory activity as determined with 
fMRI as a treatment target, often combined with neuronavigation 55-58. Also, some 
studies used high-frequency rTMS for the treatment of auditory hallucinations 
56,58,59. Initial meta-analyses found effect sizes ranging from 0.52 to 1.05 for this 
treatment method 50,60–62. But with the appearance of larger placebo-controlled 
trials reporting negative results, more recent meta-analyses reported smaller 
effect sizes 63,64. 
 While rTMS results for auditory hallucinations appeared less consistent, tDCS 
gained popularity as a treatment for several psychiatric symptoms 23 and an 
open-label case study described positive effects of this technique for auditory 
hallucinations 65. Shortly after, the first randomized controlled trial in this 
field appeared in a sample of 25 patients with auditory hallucinations 66. These 
colleagues used 2 mA anodal stimulation on the left dorsolateral prefrontal cortex 
and cathodal stimulation on the left temporoparietal junction. The results were 
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positive, in the sense that a 31% symptom decrease was found in the active treatment 
group versus only 8% in the placebo group. This research group published more 
positive results with partly overlapping samples 67,68, and yet another recent study 
yielded similar results 69. However, other studies failed to replicate these results 70–

72 although it should be noted that their protocols and/or outcome measures were 
also somewhat different. For example, Fitzgerald and colleagues 70 only used the P3 
item of the PANSS as an outcome measure for auditory hallucinations, and did not 
find any positive results of either active treatment or placebo. But this specific item 
of the PANSS was previously found to not differentiate optimally between different 
severity scores 73. Importantly, all of these studies have very small samples. Two 
recent meta-analyses could not yet confirm efficacy for tDCS as a treatment for 
AH based on trials up till now, and emphasized that larger randomized controlled 
trials were necessary before any conclusions about tDCS or auditory hallucinations 
could be made 74,75.

Outline of the present thesis
The present thesis addresses non-invasive brain stimulation (NIBS) as a treatment 
method for hallucinations, with a main focus on auditory hallucinations. It is 
divided into two parts, with the first one zooming in on transcranial magnetic 
stimulation for auditory hallucinations, and the second one on transcranial direct 
current stimulation for auditory and visual hallucinations.

Chapter 2 presents the results of a study on the efficacy of theta burst rTMS on 
treatment-refractory auditory verbal hallucinations in a sample of 71 patients, in a 
randomized double-blind placebo-controlled design. Previously, this method had 
shown high efficacy in some case studies, an open label study, and a small-sample 
randomized controlled trial. Replication of these results in a larger RCT was 
necessary. The main aim of the study was to assess AVH decrease as measured by 
the Psychotic Symptom Rating Scale (PSYRATS) and the Auditory Hallucination 
Rating Scale (AHRS). A secondary aim was to measure the treatment effects on 
other symptoms considered characteristic of schizophrenia as measured by the 
Positive and Negative Syndrome Scale (PANSS).

Chapter 3 focuses on the acute effects of a single session of 1-Hz rTMS on 
treatment-resistant auditory verbal hallucinations, targeted at three different 
locations in the brain, i.e., left temporoparietal, right temporoparietal, and occipital 
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(control location). Treatment effects as measured by the AHRS as well as neuronal 
effects as measured by electroencephalography (EEG) were assessed.

Chapter 4 addresses the question whether there are any patient demographics 
that act as predictors for auditory hallucination response to TMS treatment, using 
the combined data of multiple rTMS studies. The reason for wanting to look into 
this, was that multiple TMS studies show large inter-individual differences in 
response, and several predictors of TMS response had previously been found in 
depression.

With Chapter 5, the second part of this thesis kicks off, offering an introduction 
to transcranial direct current stimulation as a treatment method for auditory 
hallucinations, describing previous study results on this topic. Using that 
knowledge, it maps out what knowledge is still lacking in this field of research for 
future studies to focus on.

Chapter 6 then attempts to add some of that lacking knowledge to the field, by 
investigating the effects of tDCS on auditory hallucinations compared to placebo 
treatment in a sample of 54 patients. The main aim of this study was to assess tDCS 
effects on the hallucinations as measured by the AHRS. Furthermore, effects on 
other positive, negative and general symptoms were assessed as measured by the 
PANSS and effects on cognition as measured by the Stroop and Trail Making Task.

Chapter 7 comprises a case report on visual hallucinations. With this patient, 
a treatment of tDCS was tried on a combination of the occipital lobe and the left 
dorsolateral prefrontal cortex. A quite novel try-out, as this had at that time only 
been reported once before, with positive effects.

Chapter 8, finally, offers a summary and general discussion. 
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Abstract
Background
Auditory verbal hallucinations (AVH) in schizophrenia are resistant to 
antipsychotic medication in approximately 25% of patients. Treatment with 
repetitive transcranial magnetic stimulation (rTMS) for refractory AVH has 
shown varying results. A stimulation protocol using continuous theta burst rTMS 
(TB-rTMS) showed high efficacy in open label studies. We tested TB-rTMS as a 
treatment strategy for refractory AVH in a double blind, placebo-controlled trial. 

Methods 
Seventy-one patients with AVH were randomly allocated to TB-rTMS or 
placebo treatment. They received 10 TB-rTMS or sham treatments over the 
left temporoparietal cortex in consecutive days. AVH severity was assessed at 
baseline, end of treatment and follow-up using the Psychotic Symptom Rating 
Scale (PSYRATS) and the Auditory Hallucinations Rating Scale (AHRS). Other 
schizophrenia-related symptoms were assessed with the Positive and Negative 
Syndrome Scale (PANSS). 

Results 
Seven patients dropped out before completing the study. In the remaining 64, 
AVH improved significantly after treatment in both groups as measured with both 
PSYRATS and AHRS. PANSS positive and general subscores also decreased, but 
the negative subscores did not. However, improvement did not differ significantly 
between the TB-rTMS and the placebo group on any outcome measure. 

Conclusions 
Symptom reduction could be achieved in patients with medication-resistant 
hallucinations, even within 1 week time. However, as both groups showed similar 
improvement, effects were general (i.e., placebo-effects) rather than specific to 
treatment with continuous TB-rTMS. Our findings highlight the importance of 
double-blind trials including a sham-control condition to assess efficacy of new 
treatments such as TMS. 
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Introduction
Auditory verbal hallucinations (AVH) are a core symptom of schizophrenia. 
Approximately 60% - 80% of patients daily experience AVH 1, with mostly 
negative and abusive content 2,3. In some 25% of patients, AVH are irresponsive to 
antipsychotic medication 4. As schizophrenia is a common and life-long disorder, 
many patients face chronic hallucinations that severely decrease their quality of 
life and increase risk for suicide and violence 5. Alternative treatment options are 
limited. Cognitive behavioral therapies show effects on associated distress and 
fear, but frequency and loudness usually remain unchanged 6. A treatment that 
reduces the severity and frequency of medication-resistant hallucinations would 
be of great value. 
Repetitive Transcranial Magnetic Stimulation (rTMS) is a safe and non-invasive 
method to alter neuronal excitability by using rapidly changing magnetic fields. 
Hoffman and colleagues 7 were the first to explore rTMS as a treatment for AVH. 
When directed at the left temporoparietal cortex, the treatment ameliorated 
medication-resistant AVH. The efficacy of low frequency rTMS may be explained 
by its potential to induce long-term neuronal depression (LTD) 8,9. Several smaller 
studies replicated this effect 10–13. Recent larger studies, however, could not 14–17. 
This has led to a decreased effect size (Hedge’s g = 0.44) in the most recent meta-
analysis on rTMS in AVH 18. The diminishing efficacy of 1-Hz rTMS for AVH over 
time has prompted the field to search for more responsive stimulation paradigms. 
One of the most promising candidates is theta burst TMS (TB-rTMS), a 3-pulse 
burst at 50 Hz, given every 200 ms 19. This stimulation pattern is based on the 
physiologic pattern of neuronal firing in the hippocampus 20. In animal studies, 
TB-rTMS induced strong long-term potentiation (LTP) and depression (LTD) 
21–23. Intermittent TB-rTMS induces an LTP effect whereas continuous TB-rTMS, 
consisting of a non-interrupted TB-rTMS train, has a strong inhibitory effect. 
Larson and colleagues 24 showed this method was more effective on LTP than 
other stimulation frequencies such as 1-Hz rTMS. A limited number of studies 
tested continuous TB-rTMS as a treatment for AVH. In a case-report, Poulet and 
colleagues 25 reported a 50% decrease in AVH severity after a 5-day TB-rTMS 
treatment targeted at the left temporoparietal cortex. Another case-report showed 
reduced AVH severity after 5 treatments and complete remission after six weeks of 
bilateral continuous TB-rTMS at 50 Hz 26. Although exciting, these results must be 
interpreted with caution, as a control condition was lacking. Kindler and colleagues 
27 compared TB-rTMS with 1-Hz rTMS in 24 patients, and found that TB-rTMS and 
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1-Hz rTMS were equally effective. However, this study also lacked a placebo arm. 
Plewnia and colleagues 28 recently found a trend toward reduced AVH in a sham-
controlled trial of bilateral TB-rTMS in 16 patients.
The effect of TB-rTMS on AVH has never been compared to placebo treatment in 
a sufficiently large sample, making it impossible to establish whether TB-rTMS 
deserves a place in the treatment guidelines for AVH. The current study aimed to 
investigate the efficacy of continuous TB-rTMS compared with placebo treatment 
to reduce AVH and other psychotic symptoms, in a relatively large sample.

Methods
Subjects
71 patients with a psychotic disorder were recruited at the University Medical 
Center Utrecht, the Netherlands, for this randomized placebo-controlled double-
blind trial (2012-2014). Patients were diagnosed by an independent psychiatrist 
according to the Diagnostic and Statistical Manual of Mental Disorders, Fourth 
Edition criteria 29. They were selected for participation if they met the following 
inclusion criteria: 
1. Diagnosis of schizophrenia, schizophreniform disorder, schizoaffective disorder 
or psychosis not otherwise specified, 
2. Frequent AVH (at least 5 times per hour), 
3. A stable dose of antipsychotic medication for >2 weeks. 

Exclusion criteria were: 
1. Age <18, 
2. Nonremovable metal objects in or around the head, 
3. History of seizures, 
4. Increased intracranial pressure due to infarcts or trauma, 
5. Professional metal workers or a history of eye trauma with a metal object,
6. Coercive treatment at a psychiatric ward (based on a judicial ruling), 
7. Representation by a legal ward or under legal custody, 
8. Pregnancy.

Patient demographics are shown in table 1.
All participants gave their written informed consent. The study was approved 
by the human ethics committee of the University Medical Center Utrecht, and 
registered on www.clinicaltrials.gov with number NCT01512290.
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Table 1. Patient demographics per treatment groupa

TB-rTMS Placebo 

Male/Female 24/13 16/18
Age (M, SD) 38 (15) 42 (13)
AHRS total (M, SD) 24 (5) 24 (5)
PSYRATS total (M, SD) 28 (6) 28 (5)
PANSS total (M, SD) 73 (20) 70 (20)
Diagnosis
Schizophrenia (paranoid) 24 21
Psychosis NOS 6 8
Schizoaffective disorder 4 3
Schizophrenia (disorganized) 2 0
Schizophrenia (undifferentiated) 0 1
Schizophreniform disorder 1 1
Antipsychotic Medicationb

Clozapine 20 (370) 12 (341.67)
Aripiprazol 2 (25) 7 (17.86)
Quetiapine 3 (308) 4 (675)
Olanzapine 8 (18.44) 3 (11.67)
Zuclopentixol 1 (200) -
Flupentixol 1 (15) -
Pimozide - 3 (5)
Sulpiride - 1 (600)
None 2 4

Note: AHRS, Auditory Hallucinations Rating Scale; M, mean; PANSS, Positive and Negative Syndrome 
Scale; PSYRATS, Psychotic Symptom Rating Scale; SD, standard deviation; TB-rTMS; theta burst 
rTMS.
aThere were no significant differences between groups on any variable.
bRepresents number of participants on that type of medication. The number between brackets denote 
the mean dosage in milligram.

Procedures
Using computer-generated randomization on www.randomization.com, patients 
were randomized with a 1:1 ratio over active TB-rTMS or placebo treatment. 
Participants, study staff and clinical staff were blind to the allocated treatment 
except for the TB-rTMS administrators. Only TB-rTMS administrators had access 
to the randomization list; they had minimal contact with the patients, and no role 
in assessing AVH. 
Participation entailed six study visits and a follow-up measurement by phone. 
On the first visit, the Auditory Hallucination Rating Scale (AHRS) 30, Psychotic 
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Symptom Rating Scale (PSYRATS) 31 and the Positive and Negative Syndrome 
Scale (PANSS) 32 were obtained by a trained investigator to assess baseline severity 
of AVH and other symptoms.
On the second visit, the participant’s resting individual motor threshold (MT) was 
assessed according to the 5-step procedure described by Schutter & van Honk 33. 
The descending staircase method was used. Afterwards, participants received TB-
rTMS or placebo treatment twice a day for five consecutive days, with a 30 min. 
break in between treatments. The treatment was targeted at the left temporoparietal 
cortex i.e. midway between the T3 and P3 site according to the international 10/20 
system of EEG electrode placement 34. The temporoparietal cortex is thought to 
overlay one of the main areas where activation is found during AVH 35,36.
After the last treatment, the AHRS, PSYRATS and PANSS were obtained, as well 
as the Global Index of Safety (GIS) 37 to assess adverse events of the treatment. 
Patients were instructed to focus their answers on the past few days.
A month after the last treatment, participants were interviewed by phone to obtain 
the AHRS, PSYRATS and GIS. They were instructed to focus their answers on the 
past week. Participants were asked to guess their treatment allocation, to check if 
the study remained well blinded. Their answer was noted in the CRF. Afterwards, 
they were unblinded by the study coordinator. Participants in the placebo group 
were given the opportunity to receive active treatment. All but one participant in 
the placebo group chose to receive active treatment after deblinding.

rTB-TMS
A MagStim Rapid2 stimulator (Magstim Company Ltd.) was used with a 70-mm 
air-cooled figure-of-eight coil for continuous TB-rTMS treatment. An identical-
looking coil was used for the placebo treatment, which produced identical sounds 
but no magnetic pulses. Treatment was based on a protocol by Huang et al. 19, 
consisting of a 60-second stimulation train with a three pulse burst at 50Hz 
repeated every 200 ms. Stimulation was performed at 80% of the individual MT, 
or at the highest intensity the stimulator could apply for this protocol (51% of the 
maximal stimulator output). As a result, stimulation was performed at 64-78% of 
the individual MT in 8 out of 32 patients in the active treatment group.
During treatment, patients were placed in a lying position on a bed and the TMS coil 
was fixated to the head with a Magstim Articulated Coil Stand (Magstim Company 
Ltd.). Participants wore sound attenuating earplugs to prevent hearing damage.  
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Outcome measures
The primary outcome measure was AVH change after TB-rTMS and at follow-up 
as measured by the AHRS and PSYRATS. The secondary outcome measures were 
changes in other psychotic symptoms as measured by the PANSS, the number of 
responders to treatment defined as participants who showed a decrease of 25% 
or more on the AHRS or PSYRATS severity score, adverse events of TB-rTMS 
treatment as measured by the GIS, and the percentage of correct and incorrect 
guesses of treatment allocation.

Statistical analysis
All statistical analyses were performed with SPSS (version 20). Baseline 
comparisons were done over the intention-to-treat (ITT) group of 71 participants. 
Age, pre-treatment AHRS, PSYRATS and PANSS scores between the two treatment 
groups were compared with an independent samples t-test. Gender comparison 
between the two groups was done with a chi-square test. Medication use 
comparison between the two groups was done with Fisher’s exact test. For analysis 
of the primary and secondary outcomes, all dropouts were excluded. Hallucination 
severity and PANSS scores were analyzed using a mixed design ANOVA, with 
hallucination severity over time and PANSS scores over time as within subject 
factors and treatment condition as between subjects factor. The Greenhouse-
Geisser correction was used to adjust the degrees of freedom if the assumption 
of sphericity was violated. The difference in amount and severity of adverse 
effects between the two treatment groups was analyzed with an independent 
samples t-test. Fisher’s exact test was used to analyze differences in the number of 
responders on the AHRS and PSYRATS. As some patients were stimulated below 
80% MT, the mixed design ANOVA analyzing changes in hallucination severity 
was repeated using only patients stimulated at 80% MT (N=44). Eight missing 
MT values were not included in this analysis. Blinding effectiveness was measured 
using Fisher’s exact test. Two missing values in the PSYRATS questionnaire were 
imputed by carrying the last observation forward. Additional analyses considering 
patients belief in the allocated treatment, clozapine use, age and gender are in 
supplemental material 1.
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Results

Dropout
From the initial 71 participants, 64 completed the study. Of the seven patients who 
dropped out, 2 were randomized to placebo and 5 to TB-rTMS. Supplemental Table 
1 provides an overview for reasons for drop-out and time point during the study.

Baseline comparison
There were no significant differences between the two treatment groups in age 
(t(69)=-1.25, P=.22, 95% CI=-11.0-2.54) gender (χ2(1)=2.28, P=.16) and baseline 
scores such as the AHRS severity score (t(69)=-.51, P=.61, 95% CI=-2.91-1.72), 
PSYRATS severity score (t(69)=-.48, P=.64, 95% CI= -3.21-1.97), PANSS total 
(t(69)=.64, P=.53, 95% CI=-6.44-12.51), PANSS positive (t(69)=.26, P=.80, 95% 
CI=-2.42-3.15), PANSS negative (t(69)=.74, P=.46, 95% CI=-1.88-4.09) and 
PANSS general score (t(69)=1.1, P=.29, 95% CI=-2.33-7.71). Type of medication 
differed between the groups on trend level (P=.06, Fisher’s exact test).

Hallucination severity
Hallucination severity as measured by the AHRS decreased significantly over time, 
F(2,124)= 9.413, P<.001, η2

p =.13, as well as hallucination severity as measured by 
the PSYRATS, F(2,124)= 6.724, P=.002., η2

p =.10.  However, there was no significant 
interaction effect with treatment group for both the AHRS (F(2,124)=.19, P=.83) 
and the PSYRATS (F(2,124)=.19, P=.83). Thus, the decrease of hallucination 
severity was the same in the active treatment group and in the placebo group 
(figures 1 and 2). 

The mean total PANSS score was 70 (SD=20) at baseline for the placebo 
group and 73 (SD=20) for the TB-rTMS group. Total PANSS score decreased 
significantly over time, F(1,62)=4.25, P=.04, η2

p =.06, but there was no 
significant time by group interaction (F(1,62)=.08, P=.79). Scores on the 
positive PANSS scale decreased significantly over time, F(1,62)=4.93, P=.03, 
η2

p =.07, as well as scores on the general scale, F(1,62)=6.4, P=.01, η2
p =.09, but 

not on the negative scale, F(1,62=.04, P=.85. There were no significant time by 
group interactions for the positive scale, F(1,62)=.00, P=1, or the general scale, 
F(1,62)=.90, P=.35. Table 2 displays means and standard deviations for each 
group at each time point for AHRS, PSYRATS and PANSS.
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Fig 1. Effect of TB-rTMS on severity scores over time. 
AHRS and PSYRATS severity scores decreased significantly in both treatment groups. There was no 
significant interaction effect with treatment group. Error bars indicate standard error. T1 = baseline,  
T2 = after last treatment, T3 = one month follow-up.
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Fig 2. Effect of TB-rTMS on severity scores over time (baseline-corrected). 
AHRS and PSYRATS difference scores were not significantly different between groups. Error bars 
indicate standard error. T1 = baseline, T2 = after last treatment, T3 = one month follow-up.

Responders
Responders were defined as participants who showed a decrease of 25% or more 
on AHRS or PSYRATS severity score. No group differences were found in the 
number of responders for the AHRS (four responders in both groups; P=1, two-
tailed Fisher’s exact test), and the PSYRATS (three responders in the TB-rTMS 
group and 1 in the placebo group; P=.61, two-tailed Fisher’s exact test).
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Table 2. Rating scale scores per groupa

TB-rTMS (N = 32) Placebo group (N = 32)
T1 T2 T3 T1 T2 T3

PANSS Positive 19 (7) 18 (6) - 19 (5) 18 (5) -
AHRS 24 (5) 22 (6) 22 (6) 24 (5) 22 (6) 22 (7)
PSYRATS 28 (6) 26 (6) 25 (6) 28 (5) 27 (5) 27 (5)

Note: T1, baseline; T2, after last treatment; T3, one month follow-up. AHRS represents AHRS total 
score. PSYRATS represents PSYRATS total score. 
a Numbers represent mean (SD).

Stimulator Output
Restricting data to patients who were stimulated at 80% MT, AHRS score 
decreased significantly over time, F(2,84)=3.05, P=.05, η2

p =.07, as well PSYRATS 
score, F(1.7, 71.7)=3.85, P=.03, η2

p =.08. There was no significant time by group 
interaction (AHRS: F(2,84)=.14, P=.87, PSYRATS: F(1.7, 71.7)=.08, P=.90).

Adverse events
In both treatment groups, participants reported adverse events using the GIS. An 
overview of all GIS items and the frequency of occurrence can be seen in table 3. 
None of these events needed medical attention. There was no significant difference 
between the active and the placebo treatment group in the number and severity of 
adverse events (t(62)=-.57, P=.57). 

Study blinding
In total, 36 participants (56.3%) guessed their allocated treatment condition 
correctly, 26 (40.6%) guessed incorrectly, and 2 participants (3.1%) refused to 
guess as they had no idea what treatment they received. 
In the active treatment group, 16 participants (50%) correctly guessed they received 
active treatment, 15 participants (46.9%) incorrectly guessed they received the 
placebo treatment and 1 participant refused to guess.
In the placebo group, 20 participant (62.5%) correctly guessed they received the 
placebo treatment, 11 participants (34.4%) incorrectly guessed they received the 
active treatment and 1 participant refused to guess.
There was no significant effect of allocated treatment group on blinding (P=.30, 
Fisher’s exact test).
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Table 3. Frequency of Adverse Events as Measured by the GIS.a

Adverse event Tb-rTMS Placebo

Agitation 7 5
Speech disorder 5 1
Amblyopa 2 1
Anxiety 8 10
Apathy 4 8
Ataxy 3 1
Confusion 10 7
Convulsions 1 0
Pain 17 15
Euphoria 5 5
Incoordination 2 1
Insomnia 4 6
Malaise 5 5
Dizziness 14 9
Myoclonia 4 6
Nausea 9 6
Nervousness 6 12
Palpitation 3 2
Paraesthesia 3 6
Syncope 2 0
Twitching 4 8
Vertigo 4 3
Blurred vision 5 1
Vomiting 3 0

a There were no significant differences between the two groups in number or severity of adverse events

Discussion
This study indicates no specific benefit of active treatment over placebo treatment 
on intractable AVH in patients with a psychotic disorder. Although AVH severity 
decreased significantly, this decrease was the same in both treatment arms. AHRS 
change scores defined four responders in each treatment group. PSYRATS change 
scores defined one responder in the placebo group and three responders in the active 
treatment group, but this difference did not reach significance. Furthermore, both 
positive and general symptoms as measured by the PANSS decreased significantly 
after treatment, but to an equal extent in both groups. AVH improvement was not 
mediated by the patients perception of the allocated treatment.
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Although it is encouraging that patients with intractable hallucinations can improve 
significantly in only one week of experimental treatment, these findings indicate 
the efficacy of TB-rTMS is largely (possibly completely) caused by non-specific 
(i.e. placebo) effects. As preclinical studies show TB-rTMS is a more powerful 
intervention than 1-Hz TMS 25,26, these findings are disappointing. A previous study 
by Kindler and colleagues 27 found no significant difference between TB-rTMS and 
1-HZ TMS after 10 days of treatment.  Both groups did show a significant reduction 
in AVH, but no placebo group was included to control for aspecific effects. A recent 
pilot study by Plewnia and colleagues 28 including only 16 patients with AVH in a 
sham-controlled trial of bilateral TB-rTMS found a trend toward reduced AVH 
after 15 treatment sessions. This study did not report any data on blinding. As TMS 
produces a sensation over the skull in addition to the characteristic sounds, it is 
essential to use a sham condition that is indistinguishable from real treatment, as 
patients have experienced real TMS during MT assessment. In our study, we asked 
all patients to guess their treatment allocation before unblinding. Results showed 
our study remained well blinded. Differences in the sham condition, especially 
differences in tactile stimulation, may lead to undesired unblinding of patients 
(especially those in the placebo group, who miss the skull sensation) which may 
explain differences between studies from our lab and those from other groups.
Importantly, the vast reductions of AVH observed in initial case studies of TB-
rTMS 25,26 were not replicated in any study investigating this treatment in a larger 
sample size 27,28, including the present study which showed a responder percentage 
of only 12,5%. Focusing on larger randomized double-blind placebo controlled 
trials applying any type of rTMS, only two of eight trials 10,15,17,38–42 showed clinical 
benefit of active rTMS versus placebo on the severity of hallucinations 10,41 but not 
as robust as initially observed. The remaining six studies failed to find significant 
benefits of rTMS over placebo 15,17,38–40,42, among which the two largest 1-Hz rTMS 
studies to date 15,40. When new treatment strategies are introduced, initial reports 
tend to feature relatively small sample sizes with favorable results, whereas small 
studies with negative findings tend not to become published 43. When larger studies 
appear, negative findings become published as well. In other areas of research, 
such trends have led effect sizes to decrease per year of publication 44. This was also 
noticeable in meta-analyses on 1-Hz TMS. The most recent meta-analysis showed 
a decrease in effect size after inclusion of studies with larger sample sizes and 
negative findings 18. With regard to TB-rTMS, this is an important consideration, as 
this is the first double-blind RCT with a relatively large sample size again showing 
negative results.
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Despite the absence of a specific effect of TMS, both groups did show significant 
improvement of intractable AVH, which was still present one month after the 
last treatment. It is of interest to investigate which nonspecific factors contribute 
to this overall clinical benefit. Several potential factors come to mind, such as 
extensive time spent with a researcher talking about hallucinations and ways to 
cure them, or the fact that treatment is focused at the brain, which is a strong 
cognitive intervention suggesting voices come from the brain rather than from 
external factors (i.e. devils or ghosts), Or perhaps it is the suggestion that other 
treatments are still available to offer relief of chronic symptoms. Such factors can 
be implemented into existing treatment strategies, to increase their effectiveness. 

Strengths and limitations
This is the second largest study comparing (any type of) rTMS to placebo in 
patients with AVH to date and the largest study applying TB-rTMS. Seventy-one 
patients with a schizophrenia spectrum disorder who experienced intractable 
frequent auditory verbal hallucinations (AVH) participated in this trial, of whom 64 
completed all procedures. A placebo condition was included which remained well 
blinded throughout the study. Some limitations should be noted. Site positioning 
was done according to the international 10/20 system of EEG electrode placement. 
Although this method was sufficient to elicit all previous positive effects 25–28, the 
use of a stereotactic neuronavigation technique based on an individual’s structural 
MRI scan may be superior to position the coil at the target site 45–49. However, 
our group has previously performed two neuronavigated rTMS trials which found 
no difference between active and sham treatment 15,50. In addition, although the 
left temporoparietal area is used as a target site for stimulation in the majority 
of rTMS designs for AVH 18, many other brain regions are also associated with 
AVH experience including right-sided language-related areas 35,51. Bilateral TB-
rTMS to both the left and right temporoparietal cortex only showed a statistical 
trend toward being superior to sham treatment in one previous study, but the total 
decrease in PSYRATS scores was more substantial than in the current study 28. It 
may be of value to investigate this method in a larger sample. Furthermore, the 
used questionnaires ask participants to introspect over the past week or month. As 
the second measurement takes place after one week of treatment, the suitability 
of the questionnaires may be limited. However, the AVH decrease measured 
after a week of treatment was unchanged after one-month followup, suggesting 
the questionnaires were successful in capturing AVH decrease. Finally, in the 
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current study a total of 10 TB-rTMS treatments were administered over 1 week 
time, whereas some studies administered more treatments over a more extended 
period 26,28. Although the current study did find a decrease in AVH symptoms in 
both treatment groups, it has been suggested that amelioration of AVH might 
only occur gradually after prolonged treatment 26. This suggestion remains to be 
verified by empirical findings in a large sample. The latest meta-analysis on TMS in 
AVH found no correlation between the total number of TMS stimuli and the effect 
size of TMS studies 18, suggesting prolonged treatment is not superior to shorter 
treatment durations.

Conclusions
Our results indicate that the efficacy of TB-rTMS for AVH is not better than placebo 
treatment. An alternative treatment for this group of patients is still highly needed, 
but results on rTMS in the previous years have so far been disappointing. As both 
groups improved, this study also indicates that significant clinical improvement is 
still possible in this group of patients with treatment resistant AVH even within 1 
week time, suggesting that extra time and energy spent for these patients pays off.
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Supplemental file 1
Additional analysis: covariates age and gender
As age and gender might influence the response on rating scale, we repeated the 
original mixed design ANOVA with age and gender as covariates for the main 
outcome measures. Age had no effect on AVH change over time for both the AHRS, 
F(2,118)=2.22, P=.11, and the PSYRATS, F(2,118)=.98, P=.38. Gender had no effect 
on AVH severity over time as measured by the PSYRATS, F(2,118)=.98, P=.43, but 
there was a borderline significant effect of gender on AVH severity over time as 
measured by the AHRS, F(2,118)=3.11, P=.05, η2

p =.05. Females had significantly 
decreased AHRS scores over time, F(2,52)=8.60, P<.01, η2

p =.25. Males however 
showed only a trend towards decreased AHRS scores over time, F(2,68)=2.95, 
P=.06. Time x treatment interactions effects were not significant for both females, 
F(2,52)=.70, P=.50, and males, F(2,68)=.60, P=.55.

Additional analyses: Belief allocated treatment
As patients’ perception of the allocated treatment condition might influence the 
perceived AVH improvement, an additional mixed design ANOVA was done to 
assess if patients who believed they received real stimulation improved, regardless 
of stimulation condition, with hallucination severity and PANSS scores over time 
as within subject factors and treatment guess as between-subjects factor. There 
was no significant interaction between patients’ guess of allocated treatment and 
AVH improvement over time for AHRS scores (F(2,120)=.102, p=.90) or PSYRATS 
scores (F(2,120)=.03, P=.97), so patients perception of their allocated treatment 
did not influence AVH improvement. There was also no time x treatment guess 
interaction effect for the total PANSS score (F(1,60)=1.86, p=.18), PANSS positive 
subscale (F(1,60)=.63, P=.43), PANSS negative subscale (F(1,60)=.72, P=.40) or 
PANSS general subscale (F(1,60)=.09, P=.76).
Another mixed design ANOVA was performed to assess the effects of TB-rTMS 
on hallucination severity and PANSS scores between treatment groups using 
only patients who believed they received real  stimulation. When analyzing 
AVH improvement only in patients who believed that they had received real 
treatment, the main effect of AVH improvement over time remained for the 
AHRS, F(1.6,38.6)=3.87, p=.04, but reduced to trend level for the PSYRATS, 
F(2,50)=2.79, P=.07. For total PANSS scores, the main effect disappeared entirely, 
F(1,25)=.03, P=.87, as well as for the positive subscale of the PANSS, F(1,25)=.65, 
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P=.43 and the general subscale (F(1,25)=.70, P=.41). There was no main effect 
for the negative subscale of the PANSS (F(1,25)=.57, P=.46). We found no time x 
treatment interaction for AHRS (F(1.5,38.6)=.05, P=.95), PSYRATS (F(2,50)=.30, 
P=.74), total PANSS (F(1,25)=.52, P=.48), positive subscale (F(1,25)=.47, P=.50), 
negative subscale (F(1,25)=.10, P=.76) or general subscale (F(1,25)=2.65, P=.12).

Additional analysis: Medication use
As clozapine use may block the effects of Tb-rTMS due to its effects on the NMDA 
receptor (Walkerl et al., 2010) and there was a trend towards different medication 
types between the two groups, Student’s t-test was used to assess if patients taking 
clozapine responded differently to active TB-rTMS treatment than patients on 
other or no antipsychotic medication.
There was no difference in response to the active treatment group between patients 
taking clozapine (N=19) and patients taking other or no antipsychotic medication 
(N=13) on the AHRS T1 versus T2 (t(30)= .29, P=.77), AHRS T1 versus T3 (t(30)= 
.53, P=.76), PSYRATS T1 versus T2 t(30)= .415, P=.68), PSYRATS T1 versus T3 
(t(30)=.06, P=.95), total PANSS score (t(30)=.02, P=.99), positive subscale 
(t(30)=.29, P=.77), negative subscale (t(30)=.09, P=.93) and general subscale 
(t(30)=.82, P=.42).  

Supplemental Table 1. Reasons for dropout and time point of dropouta

Subject Reason for dropout Time point of dropout

13 Exacerbation of symptoms After 4 treatments
38 Fear for treatment After baseline, before first treatment
45 Traveling too tiring After 3 treatments
47 No longer willing to participate After 10 treatments, before t2
55 No longer willing to participate After 10 treatments, before t2
65 Exacerbation of symptoms After 2 treatments
68 Relocated to closed inpatient setting in other clinic After baseline, before first treatment

a All dropouts except subject 68 retreated from further study participation upon their own request.
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Abstract
Objective
Repetitive transcranial magnetic stimulation (rTMS) to the temporoparietal region 
has been proposed as a therapeutic option for auditory verbal hallucinations 
(AVH). However, most large randomized controlled trials failed to demonstrate a 
superior effect of rTMS treatment as compared to sham. Previous studies applied 
daily rTMS sessions for one or more weeks to summate its effects. However, the 
effect of a single rTMS treatment on AVH-severity has never been studied, making 
it unclear if there is an initial effect that could be increased by repeated treatment.

Methods
In three separate sessions, twenty-four patients with a psychotic disorder received 
1-Hz rTMS to the left temporoparietal cortex, its right-sided homologue or a 
centro-occipital control site. Severity of AVH was assessed before and after each 
rTMS session and resting-state EEGs were recorded to investigate the neuronal 
effects of rTMS.

Results
Stimulation of the temporoparietal cortices was not more effective in reducing 
AVH-severity than control-site stimulation. In addition, EEG-related power and 
connectivity measures were not affected differently across stimulation sites and 
changes in neuronal activity did not correlate with changes in AVH-severity.

Conclusions
These results may suggest a placebo effect of a single session of 1-Hz rTMS 
treatment on AVH-severity.
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Introduction
Auditory verbal hallucinations (AVH) are one of the core symptoms of schizophrenia 1.  
About one-fourth of patients have AVH that are refractory to antipsychotic 
medication 2. Medication-resistant AVH can lead to severely disrupted social 
functioning and increased risk for suicide 3,4. For this group, low-frequency 
repetitive transcranial magnetic stimulation (rTMS), a non-invasive method that 
uses magnetic pulses to alter brain activity, appears to be a promising treatment 
option 5,6. However, the exact mechanism by which low-frequency rTMS may 
improve AVH remains elusive. When low-frequency rTMS (± 1-Hz) is applied over 
the scalp for at least 15 min, cortical activity at the targeted region is reduced for 
a short duration of time 7. When stimulation with rTMS is applied repeatedly, the 
targeted area is thought to become less active for a longer period. This effect may be 
comparable to Long-Term Depression (LTD) as observed in single-cell recordings 
after prolonged stimulation 8,9. For the treatment of AVH, low-frequency rTMS is 
usually repeated for several consecutive days, typically daily for 1–3 weeks 5,10,11.
Initial randomized-controlled trials (RCTs) have shown a remarkable efficacy of 
rTMS in reducing AVH as compared to an inactive placebo condition 12–17, which was 
summarized in several meta-analyses 6,18–20. However, several large RCTs published 
after these meta-analyses failed to find a significant difference between real and 
sham-rTMS 11,21,22. These recent studies suggest that 1-Hz stimulation may not be 
effective. It remains unclear whether this lack in effect is caused by a fundamental 
inability of 1-Hz TMS to affect cerebral areas that are crucially involved in AVH, or, 
alternatively, if there is an initial effect, appropriate summation of this effect is not 
achieved with once or twice daily repetition. This study aims to further explore the 
neuronal mechanisms underlying the rTMS effect on AVH by investigating the acute 
effects of 1-Hz rTMS on AVH-severity and on resting-state electroencephalography 
(EEG). If a single low-frequency rTMS session can be demonstrated to affect AVH, 
we expect to find larger decreases in AVH-severity when rTMS is applied to the 
temporoparietal cortex compared to rTMS at a control area. In addition, decreases 
in AVH-severity due to rTMS are expected to be associated with changes in brain 
activity as recorded with EEG before and after each rTMS session.
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Methods
Subjects
Thirty-two schizophrenia-spectrum patients experiencing frequent auditory verbal 
hallucinations (AVH) were recruited at the University Medical Center in Utrecht in 
The Netherlands. Patients were diagnosed using the Comprehensive Assessment 
of Symptoms and History (CASH) interview 23, according to DSM-IV criteria by an 
independent psychiatrist. The main inclusion criteria were: AVH more frequently 
than once per hour and treatment-resistance for at least two antipsychotic agents, 
administered at adequate dosages and for at least six weeks 13. Antipsychotic and 
other psychotropic medication were stable for at least three weeks before entering 
the study and were kept stable during the three weeks of participation. Exclusion 
criteria were: history of epilepsy, a first-degree relative with epilepsy, head trauma 
or other cerebral pathology, metal objects inside or around the body that could not 
be removed, pregnancy, use of benzodiazepines or anti-epileptics, and alcohol use 
of more than three units per day.
Eight out of thirty-two patients were excluded from analysis (1 patient did not 
experience AVH during the experimental sessions, 2 patients did not close their 
eyes during EEG acquisition, from 4 patients no full datasets were available, and 1 
patient had trouble answering the questions in the AVH-related questionnaires). 
Mean age of the remaining 24 patients (17 male, 7 female) included in the analysis 
was 41 years (SD 14, range: 19–59). Demographic and clinical characteristics of 
participants are presented in Table 1. All patients gave their written informed 
consent and the study was approved by the ethics committee of the University 
Medical Center in Utrecht.

Study protocol
Patients received rTMS on three separate occasions on either the left temporoparietal 
cortex (i.e. midway between the T3 and P3 sites according to the international 
10/20 system of EEG electrode placement 24, the right temporoparietal cortex (i.e. 
midway between T4 and P4) or the centro-occipital cortex (i.e. the Oz position). As 
the V1 area of the visual cortex is neither involved in auditory language processing 
nor in the generation of AVH 25–29, and in a pilot experiment subjects reported 
similar scalp sensations during rTMS directed at this area as to left and right 
temporoparietal cortex stimulation, the centro-occipital cortex was chosen as an 
active control site. Stimulation of the three sites was interspersed with a week, 
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and stimulation for each patient took place on the same time of day. To avoid bias 
in allocating patients to one of the six possible sequences of stimulation, patients 
were enrolled in each arm of the experiment by order of participation (i.e. patient 
1 in arm 1, patient 2 in arm 2, etc., patient 7 in arm 1, patient 8 in arm 2 etc.). 
The design of the study was counterbalanced, i.e. each arm of the six sequences 
of stimulation was filled by four patients. To investigate whether patients saw 
phosphenes during occipital cortex stimulation, participants were asked whether 
they saw anything unusual during stimulation. This question was also asked after 
left and right temporoparietal cortex stimulation. After the last session, patients 
were asked to rank their physical sensations during rTMS treatment over the three 
rTMS sessions.

Table 1. Patient characteristics
Patients

Agea 41 (14)
Gender (F/M) 7 / 17
Diagnosis:
Psychosis NOS
Catatonic Schizophrenia
Paranoid Schizophrenia
Disorganized Schizophrenia
Schizo-affective disorder

5 
1
14
1 
3

Age of onset AVHa 20 (12)
Antipsychotic medication:
Atypical
Typical
Both

21
2
1

a Data reported as ± standard deviation. Abbreviations: NOS = not otherwise specified. AVH = auditory 
verbal hallucinations.

 
rTMS
A 70-mm air-cooled figure-of-eight coil (Magstim Company Ltd., Whitland, UK) 
was used for rTMS treatment at 90% of the individual motor threshold (MT). Each 
individual’s motor threshold was assessed by determining the lowest stimulation 
intensity at which an observable hand movement contralateral to the stimulated 
hemisphere could be elicited in five out of ten TMS administrations 30. The MT 
for occipital stimulation was 90% of the average of the MTs of the left and right 
hemisphere.
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Patients received stimulation for 20 min at 1-Hz. During treatment patients sat in 
a comfortable chair while their head and the TMS coil were fixated. All participants 
wore sound attenuating earplugs during the study to prevent hearing damage.

Patient assessments
Before and after each treatment with rTMS, AVH-severity was assessed using 
three paradigms (Fig. 1). First, patients indicated the presence of AVH by button-
press for 10 min. The length of all AVH episodes was added up to calculate total 
AVH duration in this time-frame. After this, a baseline score regarding AVH-
severity during the button-press paradigm was set using the Hallucination 
Change Scale (HCS) 13. The HCS is an indication of the general severity of AVH 
as experienced by the patient. Pre-rTMS HCS scores were always assigned a score 
of 10. Subsequently, AVH-severity during the button-press paradigm was also 
assessed using the Auditory Hallucinations Rating Scale (AHRS). The AHRS is a 
questionnaire assessing multiple characteristics of AVH such as the frequency of 
occurrence, loudness of voices, length of AVH, influence and discomfort of AVH as 
experienced by the patient 13.

10 min 1 min10 min5 min20 min5 min5 min1 min 5 min

AVH
duration HCSAVH

durationEEGrTMSEEGAHRSHCS AHRS

Fig 1. Outline of the experimental procedure. 
Abbreviations: AVH = auditory verbal hallucination, HCS = hallucination change score, AHRS = 
auditory hallucination rating scale, EEG = electroencephalography.

After rTMS treatment, patients again performed the button-press experiment 
for 10 min. After this they indicated the change in AVH-severity relative to the 
pre-rTMS HCS score of 10 on a scale from 0 to 20. A score of 0 indicated total 
absence of AVH, while a score of 20 indicated twice the severity of AVH compared 
to baseline. Subsequently AVH-severity was again assessed using the AHRS.

Electrophysiological recordings
After baseline patient assessments (AVH duration, HCS and AHRS), and preceding 
rTMS stimulation, resting-state eyes-closed electroencephalography (EEG) data 
were recorded for five minutes. The procedure was repeated after rTMS stimulation 
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(Fig. 1). Data acquisition was performed with BioSemi hardware (Amsterdam, The 
Netherlands) using a cap with 64 Active Two electrodes, arranged according to the 
10–20 system. Signals were digitized on-line by a computer at a rate of 2048 Hz.

Data analysis
Detailed information regarding EEG power and graph analysis is provided in 
Supplementary data S1.

Statistical analyses
All statistical analyses were performed with SPSS (version 15.0). The Greenhouse–
Geisser correction was used to adjust the degrees of freedom when the assumption 
of sphericity was violated in repeated-measures Analysis Of Variance (ANOVA). 
Pair-wise tests of non-normally distributed data were conducted by Wilcoxon-
rank tests instead of paired t-tests. Correlation analyses were conducted using 
Pearson’s correlation coefficient for normally distributed data; otherwise Kendall’s 
tau was used.

Scalp sensations
Scalp sensations across rTMS target sites were analyzed using Friedman’s ANOVA.

Patient assessments
The effects of 1-Hz rTMS on AVH duration, HCS score, and AHRS score were 
analyzed through repeated-measures ANOVA with within-subject factors ‘target 
site’ (left temporoparietal cortex, right temporoparietal cortex and occipital cortex) 
and ‘treatment’ (pre-rTMS and post-rTMS). Post-hoc paired t-tests were used to 
examine significant interaction effects, with correction for multiple comparisons 
using false discovery rate (FDR) correction 31.

Electrophysiology
Detailed information regarding statistical testing of EEG power and graph analysis 
is provided in Supplementary data S2.
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Results
rTMS
The treatment was tolerated well by all patients, and no patients experienced 
phosphenes during rTMS.

Scalp sensations
Friedman’s ANOVA did not reveal any significant differences in scalp sensations 
across rTMS target-sites [Chi-square = 2.95; df = 2; P = 0.23].

Fig 2. Average effect of rTMS on Auditory Hallucination Rating Scale (AHRS), 
Hallucination Change Scale (HCS), and AVH duration.
Abbreviations: TPC = temporoparietal cortex. Error bars indicate standard error of the mean (SEM).

Patient assessments
Repeated-measures ANOVAs revealed significant main effects of treatment on 
AVH duration [F(1,23) = 7.187; P = 0.013], HCS score [F(1,23) = 13.718; P = 0.001], 
and AHRS score [F(1,23) = 10.218; P = 0.004], indicating lower AVH-severity after 
rTMS. A treatment × location interaction effect was found for HCS score [F(1,23) 
= 3.622; P = 0.035]. Post-hoc testing revealed a significant difference after left 
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temporoparietal rTMS and occipital rTMS [t(23) = - 2.300; P = 0.046], indicating 
lower HCS score decrease after left temporoparietal rTMS compared to occipital 
rTMS. Fig. 2 shows average pre-rTMS and post-rTMS AVH duration, HCS scores, 
and AHRS scores.

Electrophysiology
Absolute power
Repeated-measures ANOVA revealed significant main effects of treatment on 
whole-head theta-band power [F(1,23) = 10.998; P = 0.003] and alpha-band 
power [F(1,23) = 6.795; P = 0.016], indicating significant increases in whole-head 
theta band and alpha-band power after rTMS treatment. No significant main effect 
was found for the beta band. A treatment × location interaction effect was found 
for whole-head alpha-band absolute power [F(1,23) = 3.816; P = 0.044]. Post-
hoc testing with false discovery rate (FDR) correction did however not reveal any 
significant differences. Repeated-measures ANOVAs investigating the local effect 
of rTMS revealed no significant three-way interactions for all three frequency 
bands, indicating that rTMS treatment did not lead to different changes in power 
at the brain area underlying the target site compared to the two non-used target 
sites across the three stimulation sessions.

Network characteristics
Repeated-measures ANOVA revealed significant main effects of treatment for the 
clustering coefficient (C) in the alpha-band [F(1,23) = 4.400; P = 0.047], indicating 
a decrease in clustering after rTMS. For small-worldness (C/L), significant main 
effects of treatment were found in the theta band [F(1,23) = 9.212; P = 0.006] and 
beta band [F(1,23) = 4.727; P = 0.040], indicating decreases after rTMS in these 
frequency bands. No treatment × location interaction effects were observed.
Detailed information for all dependent variables including means and standard 
deviations are provided in Supplementary data S3.

Correlation analysis
Power
No significant correlations were found between changes in whole-head theta-band 
power for each stimulation session and changes in AVH duration, HCS, or AHRS 
measures. Also no significant correlations were found between changes in whole-
head alpha-band power and changes in AVH duration, HCS, or AHRS scores.
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Network characteristics
A significant correlation between a change in clustering coefficient in the alpha 
band after left temporoparietal rTMS was found with AVH duration [r = 0.671;  
P = 0.005]. This effect was carried by an outlier (on both clustering coefficient and 
AVH duration). Removal of the outlier led to an insignificant outcome.

Discussion
This is the first study to investigate the acute effect of repetitive transcranial magnetic 
stimulation (rTMS) on auditory verbal hallucinations (AVH). Application of rTMS 
to the left temporoparietal cortex, right temporoparietal cortex, and the occipital 
control site all significantly decreased AVH-severity as measured by hallucination 
duration, the Hallucination Change Scale (HCS), and the Auditory Hallucinations 
Rating Scale (AHRS). For the HCS, stimulation of the left temporoparietal cortex 
was less effective in reducing AVH-severity than stimulation of the control site. 
This effect could not be observed on the duration of hallucinations and on the 
AHRS. The general observation was that stimulation at therapeutic locations and 
at the control site all led to symptom decrease, without much difference between 
the three locations.
Electroencephalography (EEG) recording before and after rTMS treatment 
revealed that rTMS therapy increased whole-head theta-band power, alpha-band 
power, and decreased ‘small-worldness’ in the theta and beta bands. In addition, a 
decrease in alpha-band clustering coefficient was observed. These overall changes 
did not correlate with changes in AVH-severity. Also, no differential effect of rTMS 
target-site was found on whole-head, local, and network-based EEG measures. 
Similar to the clinical effects, we found neuronal responses to all three locations, 
without a difference between therapeutic and control sites.
It is currently unclear if 1-Hz rTMS can be used effectively to treat AVH. Since 
25% of schizophrenia patients with AVH are medication-resistant, an alternative 
treatment is most welcome. However, if we wish to apply rTMS for AVH, we need 
to obtain more information about the neuronal mechanisms by which rTMS 
may affect this symptom. We showed that a single rTMS-session to therapeutic 
locations was not superior to control-site stimulation. These findings may suggest 
a placebo effect of 1-Hz rTMS on AVH-severity, possibly through scalp sensations, 
or relaxation during treatment associated with rTMS stimulation. The absence of 
any correlations between improvements in AVH-severity and changes in neuronal 
activity could be seen as in line with this interpretation.
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The fact that several randomized controlled trials did observe an effect on AVH-
severity through repeatedly stimulating the left temporoparietal cortex with 1-Hz 
rTMS may be explained by their inactive sham condition 5,12,14–17. In these studies 
sham rTMS was applied using a placebo coil or by tilting the rTMS coil by 45°. 
While these sham conditions produce some acoustic stimulation, scalp sensations 
are absent or greatly diminished 18. As such, patients who experience stronger 
scalp sensations during real rTMS may feel they are receiving more powerful 
treatment. Indeed, placebo effects have been shown to be greatly enhanced in case 
of suggestion of stronger treatment, as for example ingestion of two placebo pills 
elicits stronger effects than ingestion of only one, and injection of placebo is more 
powerful than oral administration 32,33. In this study, stimulation of the control 
site produced similar scalp sensations as stimulation of the temporoparietal sites, 
thereby controlling for these effects.
However, an important alternative explanation regarding the interpretation of the 
present results as a placebo effect concerns the possible remote effects of rTMS. 
RTMS is able to influence brain activity in regions distant from the stimulated 
brain region through neuronal connections 34. The power, clustering, path length, 
and small-worldness measures in the various frequency bands may not have been 
sensitive enough to pick up these signals. As such, we cannot for example rule out the 
possibility that control-site stimulation affected brain activity in regions associated 
with auditory verbal hallucinations through intra-hemispheric connections. 
The same line of reasoning goes for the absence of significant correlations with 
measures of AVH severity. Perhaps spatial and temporal analyses in source space 
may provide more sensitivity to establish significant differences across conditions 
as well as correlations with AVH severity. Neuroimaging methods with a high 
spatial resolution, such as functional magnetic resonance imaging (fMRI) may be 
especially suitable to investigate this issue and give a more definite answer on the 
matter.

Limitations
In this study no differential effect of rTMS target site was observed on EEG 
measures. It can however not be excluded that rTMS applied to the temporoparietal 
and occipital cortex leads to a generalized effect on EEG-based power and network 
characteristics instead of to local effects. However, two studies investigated the 
effect of 1-Hz rTMS on EEG spectral power during rest, and did observe differential 
effects of rTMS on brain regions instead of a generalized effect 35,36. Lastly, the 
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present study investigated the acute effects of rTMS, and was as such unable to 
detect any delayed effects. However, most larger RCTs failed to find a difference 
between real and sham rTMS, suggesting that there are no delayed effects of rTMS 
on AVH symptomatology 10,11,21,22.
In sum, this is the first placebo-site controlled study assessing both clinical and 
neuronal effects of rTMS on AVH. Stimulation of the temporoparietal cortices 
was not more effective in reducing AVH symptoms than control-site stimulation. 
Moreover, electrophysiological measures were not affected differently by rTMS 
at therapeutic sites as compared to control-site stimulation. These results imply 
that a single session of 1-Hz rTMS applied to the temporoparietal region does not 
improve AVH better than occipital cortex stimulation and may suggest a placebo 
effect of 1-Hz rTMS on AVH-severity.
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Supplementary Data S1
Data analysis
EEG signal analysis
EEG signals were processed with Brain Vision Analyzer software (Brain Products 
GmbH, Munich, Germany). EEG recordings were downsampled to 400 Hz and 
band-pass filtered (0.5 – 48 Hz). An average reference montage was used. Ten 
artefact-free epochs of 10.238 seconds were manually selected from each resting-
state EEG recording by visual inspection by two experienced EEG investigators 
(RvL and SK). EEG data was visually inspected to identify bad EEG channels. 

EEG power analysis
To enable a proper comparison between EEG datasets before and after rTMS 
treatment for the three rTMS target locations, bad channels were excluded for all 
6 datasets for that individual.
Whole-head absolute power of each EEG epoch was assessed by filtering the 
data using the Fast Fourier Transform (FFT). Three separate frequency bands 
were selected for analysis (theta 4 – 8 Hz, alpha 8 – 13 Hz, beta 13 – 30 Hz). The 
delta frequency band (0 – 4 Hz) was not included in the study, as evidence on 
the functional role of these oscillations is limited at present  1, and the gamma 
frequency band (30 – 48 Hz) was not included as high-frequency bands may be 
heavily contaminated by muscle artefacts 2. Absolute-power values of the ten 
selected epochs were averaged for each frequency band. The same analysis was 
also conducted for electrodes measuring the EEG on the sites of rTMS stimulation 
(left temporoparietal cortex (T3P3), right temporoparietal cortex (T4P4), and 
centro-occipital cortex (Oz)).

EEG graph analysis
To enable a proper comparison between graph analyses before and after rTMS 
treatment across subjects, bad channels were excluded for all datasets. Graph 
analysis was conducted for all ten EEG segments per dataset, and resulting network 
values for each epoch were subsequently averaged across the ten segments. In the 
present study graph analyses were executed based on synchronization likelihood 
(SL) for the same frequency bands as in the power analysis (theta 4 - 8 Hz, alpha 
8 - 13 Hz and beta 13-30 Hz). An extensive description of the synchronization 
likelihood method and its mathematical theory is provided by Stam and van Dijk 3 
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and Montez et al 4. Briefly, SL is a measure for synchronization between time series 
and is sensitive to linear as well as to nonlinear interdependencies. Basically, SL is 
the conditional probability of pattern recurrence in time series Y, given a pattern 
recurrence in time series X. Its scale is between 0 and 1. 
Average synchronization was computed over all ten EEG segments per dataset 
resulting in an SL value for every combination of electrodes. SL computation for 
each epoch was performed with DIGEEGXP 2.0 (C.J. Stam, VU University Medical 
Center, Amsterdam). SL values were subsequently averaged and graph analysis 
was performed using the same software. Graph analysis yields two dimensions: 
the clustering coefficient C and the path length L 5. The clustering coefficient is a 
measure of local functional connectedness and path length is a measure of overall 
network integration 6,7. The functional connections between the electrodes can be 
categorized as weighted and unweighted. In an unweighted graph all connections 
are equal in strength, whereas in a weighted graph connections can be unequal 
in strength. This study was restricted to a weighted graph. To be able to properly 
deal with disconnected edges, L was calculated as the harmonic mean distance 
connecting any two electrodes in the graph 7,8. The values of C and L were compared 
with the corresponding values of ensembles of fifty random graphs (C-s and L-s). 
C/C-s and L/L-s were the measures for normalized clustering and path length 
coefficients. Small-worldness, a measure of network efficiency, was then calculated 
by dividing the normalized clustering and path length values ((C/C-s)/(L/L-s)) 9. 
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Supplementary Data S2
EEG data
The effect of 1-Hz rTMS on EEG whole-head absolute power and network values was 
analyzed for each frequency band through repeated measures ANOVA with within 
subject factors ‘target site’ (left temporoparietal cortex, right temporoparietal 
cortex and occipital cortex stimulation) and ‘treatment’ (pre-rTMS and post-
rTMS). Post-hoc paired t-tests were used to examine significant interaction 
effects, with correction for multiple comparisons using FDR correction. The local 
effect of rTMS on the target site was analyzed in relation to the other two (at that 
session) not stimulated target sites across sessions. This analysis was conducted 
through repeated measures ANOVA with within subject factors ‘target site’ (left 
temporoparietal cortex (T3P3), right temporoparietal cortex (T4P4) and occipital 
cortex (Oz) stimulation), ‘treatment’ (pre-rTMS and post-rTMS), and ‘electrode’ 
(T3P3, T4P4, and Oz) by testing for a three-way interaction for each frequency 
band. Furthermore, significant changes in whole-head EEG power, network 
parameters, and local EEG power as revealed by repeated measures ANOVA were 
correlated with AVH duration, HCS, and AHRS change scores with FDR correction 
for multiple comparisons. Outliers in the correlation analysis were identified based 
on 2 standard deviation limits around the group mean.
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Supplementary Data S3
Table 1. Mean values and standard deviations (in parentheses) of dependent variables 
for each stimulation site and pre-rTMS and post-rTMS session. 

Stimulation site 

Pre / 
Post rTMS

Left 
temporoparietal 

(T3P3)

Right 
temporoparietal 

(T4P4)
Occipital 

(Oz)

AVH duration (s) Pre 268.0 (210.6) 274.6 (209.8) 290.0 (219.2)
AVH duration (s) Post 219.2 (202.7) 253.0 (227.6) 229.5 (204.4)
HCS Pre 10.0 (0.0) 10.0 (0.0) 10.0 (0.0)
HCS Post 9.4 (2.3) 8.1 (2.6) 8.0 (3.0)
AHRS Pre 24.1 (4.3) 24.7 (4.1) 24.3 (4.7)
AHRS Post 23.3 (4.5) 23.3 (4.8) 21.8 (6.7)
Theta power (whole-head) Pre 0.19 (0.22) 0.19 (0.20) 0.19 (0.20)
Theta power (whole-head) Post 0.21 (0.21) 0.21 (0.24) 0.20 (0.21)
Theta power T3P3 Pre 0.12 (0.18) 0.12 (0.18) 0.11 (0.18)
Theta power T3P3 Post 0.14 (0.20) 0.14 (0.24 0.13 (0.21)
Theta power T4P4 Pre 0.15 (0.19) 0.14 (0.18) 0.14 (0.17)
Theta power T4P4 Post 0.16 (0.18) 0.16 (0.24) 0.15 (0.18)
Theta power Oz Pre 0.22 (0.22) 0.23 (0.22) 0.24 (0.22)
Theta power Oz Post 0.26 (0.26) 0.26 (0.29) 0.23 (0.21)
Theta clustering coefficient Pre 1.24 (0.07) 1.26 (0.06) 1.23 (0.07)
Theta clustering coefficient Post 1.22 (0.07) 1.26 (0.07) 1.24 (0.11)
Theta path length Pre 1.16 (0.07) 1.18 (0.09) 1.17 (0.08)
Theta path length Post 1.16 (0.07) 1.20 (0.11) 1.19 (0.09)
Theta small-worldness Pre 1.07 (0.06) 1.07 (0.07) 1.06 (0.07)
Theta small-worldness Post 1.05 (0.07) 1.05 (0.07) 1.05 (0.07)
Alpha power (whole-head) Pre 0.23 (0.21) 0.24 (0.25) 0.19 (0.16)
Alpha power (whole-head) Post 0.24 (0.24) 0.24 (0.23) 0.23 (0.22)
Alpha power T3P3 Pre 0.12 (0.18) 0.15 (0.21) 0.12 (0.16)
Alpha power T3P3 Post 0.15 (0.25) 0.14 (0.18) 0.13 (0.18)
Alpha power T4P4 Pre 0.16 (0.16) 0.17 (0.16) 0.14 (0.12)
Alpha power T4P4 Post 0.18 (0.18) 0.18 (0.16) 0.16 (0.15)
Alpha power Oz Pre 0.38 (0.35) 0.39 (0.40) 0.34 (0.27)
Alpha power Oz Post 0.39 (0.38) 0.39 (0.40) 0.38 (0.34)
Alpha clustering coefficient Pre 1.30 (0.11) 1.32 (0.11) 1.30 (0.11)
Alpha clustering coefficient Post 1.28 (0.11) 1.31 (0.10) 1.29 (0.12)
Alpha path length Pre 1.24 (0.11) 1.26 (0.11) 1.26 (0.11)
Alpha path length Post 1.22 (0.11) 1.26 (0.11) 1.25 (0.12)
Alpha small-worldness Pre 1.05 (0.05) 1.05 (0.05) 1.04 (0.05)
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Table 1. Mean values and standard deviations (in parentheses) of dependent variables 
for each stimulation site and pre-rTMS and post-rTMS session. (Continued)

Stimulation site 

Pre / 
Post rTMS

Left 
temporoparietal 

(T3P3)

Right 
temporoparietal 

(T4P4)
Occipital 

(Oz)

Alpha small-worldness Post 1.05 (0.05) 1.04 (0.05) 1.03 (0.05)
Beta power (whole-head) Pre 0.022 (0.016) 0.020 (0.014) 0.017 (0.012)
Beta power (whole-head) Post 0.022 (0.017) 0.020 (0.014) 0.018 (0.011)
Beta power T3P3 Pre 0.015 (0.016) 0.016 (0.016) 0.016 (0.015)
Beta power T3P3 Post 0.015 (0.015) 0.015 (0.013) 0.015 (0.013)
Beta power T4P4 Pre 0.018 (0.021) 0.017 (0.015) 0.016 (0.015)
Beta power T4P4 Post 0.020 (0.022) 0.017 (0.014) 0.015 (0.011)
Beta power Oz Pre 0.022 (0.017) 0.027 (0.023) 0.020 (0.014)
Beta power Oz Post 0.024 (0.022) 0.023 (0.017) 0.019 (0.010)
Beta clustering coefficient Pre 1.20 (0.08) 1.21 (0.06) 1.19 (0.07)
Beta clustering coefficient Post 1.18 (0.07) 1.21 (0.09) 1.19 (0.11)
Beta path length Pre 1.17 (0.07) 1.18 (0.09) 1.18 (0.09)
Beta path length Post 1.16 (0.07) 1.19 (0.12) 1.19 (0.10)
Beta small-worldness Pre 1.03 (0.06) 1.03 (0.06) 1.01 (0.07)
Beta small-worldness Post 1.01 (0.06) 1.02 (0.06) 1.01 (0.07)

AVH: Auditory verbal hallucinations; HCS: Hallucination change scale; AHRS: Auditory hallucinations 
rating scale
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Letter to the Editor
Dear editor
The past 15 years, many studies investigated the effectiveness of repetitive 
transcranial magnetic stimulation (rTMS) for auditory hallucinations (AH). Meta-
analyses show effect sizes of 0.3-0.8, with individual treatment effects ranging 
from zero to full recovery. In rTMS for depression, similar results prompted 
researchers to investigate predictors for response. Some of these predictors are 
younger age, treatment refractoriness 1 and female gender 2. We explored whether 
similar predictors exist in the field of AH.

We analyzed data from 123 patients who received rTMS, from five previously 
published randomized controlled trials (RCTs) of which patient-level data 
was available 3-7. See table 1 for patient demographics and study-specific rTMS 
parameters.

We selected age, gender, and lifetime duration of AH as variables for analysis, 
based on previous findings in depression studies. We modeled their relationship 
with the change scores on the Auditory Hallucination Rating Scale (AHRS), using 
a forced-entry linear regression method. Three participants were excluded because 
of incomplete data.

The overall model was significant (F(3,116) = 3.43, P = .02, R2 = .08) and explained 
8% of the variance in treatment responses of AH as measured with the AHRS. The 
model yielded two significant predictors for response to rTMS treatment, namely 
age and gender. A younger age predicted lower AHRS scores after rTMS (β = .21, 
t(116) = 2.01, p = .05), as did female gender (β = -.25, t(116) = -2.66, P<.01). In this 
model, the lifetime duration of AH was not a significant predictor (P = .76).
The predictors gender and age are similar to those in depression studies 1,2. Higher 
efficacy in female patients might be related to increased brain plasticity due to the 
protecting influence of estrogens on the brain 8. The finding that younger age is 
associated with a better response on AH may partly be explained by the relative 
absence of cortical atrophy, which in those cases increases the distance between 
the coil and targeted brain areas 9. Consistent with this, rTMS treatment with 
adjusted stimulation intensity for cortical atrophy yielded increased responses in 
depression 9. 



76 | Chapter 4

Ta
bl

e 
1.

 S
tu

dy
 p

ar
am

et
er

s 
an

d 
pa

tie
nt

 d
em

og
ra

ph
ic

s 
St

ud
y

N
TM

S 
ta

rg
et

TM
S 

fre
qu

en
cy

%
 M

T
C

oi
l p

os
iti

on
in

g
TM

S 
se

ss
io

ns

Sl
ot

em
a 

et
 a

l.,
 2

01
1

34
LT

PJ
, f

M
RI

-g
ui

de
d1

1 
H

z
90

10
-2

02 
/ N

eu
ra

l N
av

ig
at

or
3

15
 

Va
n 

Lu
tte

rv
el

d 
et

 a
l.,

 2
01

2
16

LT
PJ

, R
TP

J
1 

H
z

80
10

-2
0

3
De

 W
ei

je
r e

t a
l.,

 2
01

4
12

fM
RI

-g
ui

de
d

1 
H

z/
20

 H
z

90
/8

0
N

eu
ra

l N
av

ig
at

or
8

Ba
is

 e
t a

l.,
 2

01
4

31
LT

PJ
, B

TP
J

1 
H

z
90

10
-2

0
12

Ko
op

s 
et

 a
l.,

 2
01

5
30

LT
PJ

Th
et

a 
bu

rs
t (

50
 H

z)
80

4
10

-2
0

10
To

ta
l N

12
3

M
al

e/
Fe

m
al

e
73

/5
0

Ag
e 

(M
, S

D)
37

.3
 (1

3.
0)

Ba
se

lin
e 

AH
RS

 s
co

re
 (M

, S
D)

27
.8

 (6
.7

)
Di

ag
no

si
s

Sc
hi

zo
ph

re
ni

a
94

Ps
yc

ho
si

s 
N

O
S

19
Sc

hi
zo

aff
ec

tiv
e 

di
so

rd
er

10
Ty

pe
 o

f a
nt

ip
sy

ch
ot

ic
 m

ed
ic

at
io

n
Ty

pi
ca

l
12

At
yp

ic
al

97
Bo

th
7

N
on

e
7

Ab
br

ev
ia

tio
ns

: M
 =

 m
ea

n,
 S

D 
= 

st
an

da
rd

 d
ev

ia
tio

n,
 A

H
RS

 =
 A

ud
ito

ry
 H

al
lu

ci
na

tio
n 

Ra
tin

g 
Sc

al
e,

 L
TP

J 
= 

le
ft 

te
m

po
ro

pa
rie

ta
l j

un
ct

io
n,

 R
TP

J 
= 

rig
ht

 
te

m
po

ro
pa

rie
ta

l j
un

ct
io

n,
 B

TP
J 

= 
bi

la
te

ra
l t

em
po

ro
pa

rie
ta

l j
un

ct
io

n,
 M

T 
= 

m
ot

or
 th

re
sh

ol
d

1 
Ta

rg
et

 b
as

ed
 o

n 
in

di
vi

du
al

 p
ea

k 
ac

tiv
ity

 d
ur

in
g 

ha
llu

ci
na

tio
ns

 a
s 

m
ea

su
re

d 
w

ith
 fu

nc
tio

na
l m

ag
ne

tic
 re

so
na

nc
e 

im
ag

in
g

2 
 P

la
ce

m
en

t a
cc

or
di

ng
 to

 1
0-

20
 In

te
rn

at
io

na
l S

ys
te

m
 fo

r E
EG

 E
le

ct
ro

de
 P

la
ce

m
en

t
3  w

w
w.

ne
ur

al
na

vi
ga

to
r.c

om
, B

ra
in

 S
ci

en
ce

 T
oo

ls
 B

.V
. 10

4 
U

p 
to

 a
 m

ax
im

um
 o

f 5
1%

 o
f s

tim
ul

at
or

 o
ut

pu
t



4

Predictors of rTMS response | 77

The finding that younger age is associated with a better treatment response to 
rTMS may also reflect higher brain plasticity in young people 11, which facilitates 
the induction of long-term depression (LTD) by rTMS in targeted (language-
related) brain areas.
Currently, rTMS for AH is almost exclusively offered to patients with treatment-
refractory AH, mostly after lengthy treatment with multiple antipsychotic agents 
and cognitive behavioral therapy (CBT). This place at the end of the treatment 
protocol is similar to that of ECT for depression: only to be used when everything 
else fails. As a consequence, many patients are relatively old when they first receive 
rTMS, with decreased chances of success. However, unlike ECT, the side effects 
of rTMS are mild (comparable to placebo). rTMS can therefore be offered much 
earlier when patients are still young. Although the effects of rTMS are not likely 
to be permanent, and maintenance treatment may be necessary, early rTMS 
treatment does have important advantages. Our results imply that starting rTMS 
at an early age increases the chances of success. It cannot replace antipsychotic 
medication, as it has little impact on delusions, but in patients without delusions, 
rTMS treatment may well postpone or prevent the need to start with antipsychotic 
medication. To our knowledge, no studies investigating the effects of rTMS for 
hallucinations at an early stage (i.e., ultra-high risk stage or first psychotic episode) 
have been published yet, but our analysis indicates that such studies are warranted 
because treatment responses might be higher. 

It should be kept in mind that the model explains a relatively small proportion of the 
outcome variance. However, the included patients were all relatively old, and the 
age range of participants was limited (most were 40-50 years). Therefore, effects 
might prove stronger in studies that also include younger patients. Furthermore, 
our dataset includes heterogeneous studies concerning rTMS stimulation protocols, 
which may influence predictive factors of treatment response. Lastly, the included 
studies had a relatively low response rate. Results may improve when studies with 
higher response rates are included, of such studies we did not have patient-level 
data available to include in our analysis. In light of these remarks we emphasize 
that our findings are preliminary and require replication.

Because efficacy may be higher in younger patients, we urge researchers to 
investigate rTMS as an early therapeutic tool in young people with AH in the 
relative absence of other psychotic symptoms. Such trials may shed more light on 
the place of rTMS in the treatment of AH.
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Abstract
Auditory hallucinations (AH) are a symptom of several psychiatric disorders, 
such as schizophrenia.  In a significant minority of patients, AH are resistant to 
antipsychotic medication. Alternative treatment options for this medication-
resistant group are scarce and most of them focus on coping with the hallucinations. 
Finding an alternative treatment that can diminish AH is of great importance. 

Transcranial direct current stimulation (tDCS) is a safe and non-invasive technique 
that is able to directly influence cortical excitability through the application 
of very low electric currents. A 1-2 mA direct current is applied between two 
surface electrodes, one serving as the anode and the other as the cathode. Cortical 
excitability is increased in the vicinity of the anode and reduced near the cathode. 
The technique, which has only a few transient side effects and is cheap and portable, 
is increasingly explored as a treatment for neurological and psychiatric symptoms. 
It has shown efficacy on symptoms of depression, bipolar disorder, schizophrenia, 
Alzheimer’s disease, Parkinson’s disease, epilepsy and stroke. However, the 
application of tDCS as a treatment for AH is relatively new. This article provides an 
overview of the current knowledge in this field and guidelines for future research.
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Hallucinations in psychotic disorders
Auditory hallucinations (AH) are a frequent symptom of schizophrenia which 
occur in about 60 to 80% of patients 1. The content of these hallucinations is 
mostly negative, often conveying anger 2  or terms of abuse 3 and increasing the 
risk for suicidal behavior 4. Furthermore, auditory hallucinations also occur in 
other diagnostic groups such as borderline personality disorder, anxiety disorders, 
affective disorders, posttraumatic stress disorder, autism and significant hearing 
loss 5.

In approximately 70-75% of these cases, antipsychotic medication and/or 
cognitive behavioral therapy sufficiently suppress AH. However, the remaining 25-
30% continue to suffer from AH despite optimal therapy 6. Alternative treatment 
options are scarce for this group of patients, and often focus on coping with the 
hallucinations and accepting their presence instead of reducing them 7. Due to 
the distressing impact AH have on the patients’ quality of life, their ability to 
concentrate and their social and professional functioning, finding an effective 
treatment option to reduce AH in this treatment-resistant group would be of great 
value.

Transcranial direct current stimulation
Transcranial direct current stimulation (tDCS) is a non-invasive focal 
neurostimulation technique that involves the application of a low intensity electric 
current between two surface electrodes, an anode and a cathode 8. A 1-2 mA 
direct current is applied between two electrodes, often with a size of 35 cm2 (5 
cm × 7 cm), which are placed on the scalp. The current flows between the anode 
and the cathode, some of it being diverted through the scalp and another part 
moving through the brain where brain activity is modulated. Although the exact 
mechanisms of action of tDCS have yet to be completely elucidated, there are two 
mechanisms by which tDCS modulates brain activity that are currently widely 
accepted in the field 9.  The first proposes that the current that passes through 
the brain modulates levels of cortical excitability in a polarity dependent manner 
10. Cortical excitability is thought to be increased in the vicinity of the anode and 
reduced near the cathode. The anodal and cathodal effects of tDCS on cortical 
excitability are thought to be explained by shifts in the resting membrane potential 
(depolarization and hyperpolarization). The second proposes that prolonged 
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effects of tDCS can be explained by modifications of N-methyl-D-aspartate 
(NMDA) receptor efficacy, changes in gamma-aminobutyric-acid-ergic activity and 
modulation of interneurons, resulting in prolonged synaptic efficacy changes 8,11. 
However most of what we know about the effects of tDCS on a neural level is derived 
from studies of the primary motor cortex 8. Questions can be raised concerning 
the generalizability of these underlying mechanisms to other cortical areas 12.
 
In the 60’s, tDCS was studied extensively, but never gained much popularity in 
clinical practice 13. Currently, this seems to be changing as tDCS is increasingly 
explored for the treatment of both neurologic and psychiatric symptoms 14. It has 
shown efficacy on the clinical symptoms of depression, on both depressive and 
manic symptoms of bipolar disorder, cognitive functioning in schizophrenia, 
episodic memory in Alzheimer’s disease, motor symptoms and working memory 
in Parkinson’s disease, on the amount of insults in epilepsy, on rehabilitation of 
motor function and language disorder after stroke and on tinnitus 15,16. tDCS is a 
safe treatment with few, if any, side effects 8. Some mild side effects of a transient 
nature that have been mentioned in association with tDCS are a slight headache, 
an itching or tingling sensation at the location of the electrodes and redness of the 
skin at the location of the electrodes. However, such side effects are also reported 
after placebo (sham) treatment 17. Other advantages of this technique are that tDCS 
equipment is relatively cheap, the treatment can be given after a short training 
course, and it is easily portable. 

Compared to transcranial magnetic stimulation (TMS), another form of focal 
stimulation that has often been used as an alternative treatment option for AH 18, 
tDCS has some explicit benefits when using it for research. It is easier to apply an 
identical placebo treatment, as less physical sensations occur compared to TMS. 
The itching or tingling sensation that is sometimes mentioned by participants is 
often only present at the start of treatment and disappears quickly. To mimic this 
in a placebo treatment, it helps to start with a short period of active stimulation 
(30-40 seconds) after which stimulation slowly regresses. During the rest of the 
treatment period, no active stimulation takes place. This short active stimulation 
period does not have modulating effects on the brain, but it properly mimics the 
physical sensations of active treatment. Furthermore, it is possible to preprogram 
tDCS equipment to apply placebo treatment, which makes it easier to perform 
double blind sham-controlled trials 8. 
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Transcranial direct current stimulation in AH
The use of tDCS as a treatment option for medication resistant auditory 
hallucinations is relatively new and has till now only been tested in patients with 
AH in the context of psychotic disorders. Homan and colleagues 19 were the first 
to explore this in a case study. For 10 consecutive days, the patient received daily 
treatment of 15 minutes tDCS at an intensity of 1 mA. The cathode was placed on the 
left temporoparietal cortex (TPC), a location that has been linked to the experience 
of auditory hallucinations 20,21. The anode was placed on the right supraorbital 
area. Using this method, they were able to ameliorate medication-resistant AH. 
Moreover, this effect was still present six weeks after treatment. A more recent case 
study reported a reduction of 90% in AH severity after 2 months of daily 20 minutes 
tDCS at an intensity of 1 mA 22. After this, treatment was increased to twice daily 
and an intensity of 3 mA, which led to increased improvement in AH severity. This 
improvement was still present after three years of daily maintenance treatment, 
but when treatment frequency was reduced to once per two days the ameliorating 
effects disappeared. In this study, the cathode was also placed on the left TPC, but 
the anode was placed on the left dorsolateral prefrontal cortex (DLPFC). This is 
an area that is often used in studies investigating the effects of tDCS on cognitive 
functioning 23. These two tDCS locations have been used in several other case 
studies reporting positive effects of tDCS on AH severity after multiple sessions of 
20 minutes tDCS at an intensity of 2 mA 24–27. However, all these studies were open-
label without a control condition, meaning that nonspecific effects (i.e. placebo-
effects) may have been of large influence. Brunelin and colleagues 28 were the first 
to publish a tDCS study in AH in which a control group was included. In this study, 
15 patients received a 20 minute tDCS treatment twice daily at an intensity of 2 
mA, for 5 consecutive days and an equal number of patients received sham. In this 
study, the cathode was also placed on the left TPC and the anode on the left DLPFC. 
They found a robust decrease in AH severity of 30% compared to a placebo group 
of equal size.  Furthermore, a significant decrease was found in other symptoms as 
measured by the Positive and Negative Syndrome Scale (PANSS), such as negative 
symptoms. These positive effects were still present after three months. A more 
recent study by the same group, using a partially overlapping sample of 28 patients 
and identical methods, reported a decrease of 46% in AH frequency in medication-
resistant patients after active treatment, whereas no such effect occurred in the 
placebo group 29. A recent open label study including 21 patients with schizophrenia 
and the same stimulation parameters and locations as Brunelin et al. 28 found a 
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similar improvement of 32% in AH severity. However, this study did not include a 
placebo condition 30. Up till now, 1 pilot study has been published that reports no 
beneficial effect of tDCS treatment on AH 31. This study tested the effects of both 
unilateral (N=13) and bilateral (N=11) tDCS on AH compared to placebo. In total, 
patients underwent 15 treatments in three weeks time. The AH did not respond 
to either treatment method. However, it is important to note that this study had a 
very small sample size and rated AH severity based on the Positive and Negative 
Syndrome Scale (PANSS) only. This scale does not measure AH in much detail 
and the different severity scores of the hallucination item are found to be hard to 
differentiate 32. Other studies mostly use the Auditory Hallucination Rating Scale 
(AHRS) to measure AH severity. See table 1 for a summary of all included studies.

It is still unclear in what way tDCS might influence AH. As all studies that report 
positive results up till now have used the left TPC as the location for the cathode, 
it appears that the inhibiting action of tDCS on that specific location is important 
for the beneficial effects. It is unclear if excitation on the left DLPFC also influences 
AH severity. Brunelin et al. 28 associated excitation on this location with a decrease 
of negative symptoms. However, Andrade et al. 22 found that using a more neutral 
position for the anode, namely the left mastoid, caused the beneficial effects on 
AH to vanish. This implicates that the excitatory effect of the anode on the DLPFC 
is important to induce a beneficial effect on AH. Possibly this can be explained by 
a positive effect from anodal stimulation of the left DLPFC on working memory. 
This hypothesis is mainly derived from literature on tinnitus, for which tDCS has 
also been reported to be effective. Like schizophrenia, tinnitus has been associated 
with reduced executive control 33. Besides, tinnitus has been found to be alleviated 
by tDCS over the DLPFC 34. These authors hypothesized that improved executive 
control, as induced by tDCS over the DLPFC, acts as a mediator for the impact from 
tDCS on tinnitus 33. It may be that a similar therapeutic mechanism is involved 
in the therapeutic effect of tDCS for AH. Reduced inhibition of irrelevant verbal 
information may be an important underlying mechanism of AH, speculatively 
AH could result from misattribution of self-generated information to an external 
source 35. Application of anodal tDCS over de left DLPFC has been found to 
enhance working memory, which plays an important role in the executive control 
of information 36. It could therefore be speculated that anodal tDCS over the left 
DLPFC induces the ameliorating effects on AH by improving the inhibition of 
irrelevant verbal information. Whether this excitation must take place at the left 
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DLPFC is however yet unclear, as the first case study in this field used the right 
supraorbital area for the anode and still showed a positive result 19. Moreover, 
tDCS does not only produce focal effects but also indirect effects on surrounding 
brain areas and their connections 37. The more distal effects of tDCS could also be 
of influence on the ameliorating effects on AH. Imaging studies combined with 
tDCS in AH could provide more insight in the exact neurological underpinnings of 
the effects of this treatment.

Taken together, the results of tDCS as an alternative treatment option for AH are 
preliminary and so far mostly positive.  However, a note of caution may be in place 
here. When new treatment strategies are introduced, the initial reports tend to 
feature relatively small sample sizes and favorable results, whereas small studies 
with negative findings do not tend to be published 38,39. With an increase of studies 
with larger sample sizes over time, negative findings tend to become published as 
well. Such trends have led effect sizes to decrease per year of publication 40. This 
effect has also been visible in the application of TMS for AH 41. As tDCS in the 
treatment of AH is a young treatment method, future studies may well show less 
favorable results. In the University Medical Center Utrecht, we have started a large 
randomized double blind trial to investigate the effects of tDCS on AH. We plan 
to include 62 patients and expect to be able to report results in autumn 2015. It 
is important to await such studies with large sample sizes before conclusions are 
drawn about the efficacy of tDCS. This also means that there is a large responsibility 
for scientific periodic journals to also publish negative findings of such treatments, 
to help reduce publication bias for positive results.

Moreover, it is of importance that placebo treatments in double blind trials are 
hard to distinguish from active tDCS treatment. At this point, all placebo-controlled 
trials in this field have used tDCS at an intensity of 2 mA 28,29,31. For 1 mA tDCS, it 
has been reported that placebo treatment is highly identical to active treatment. 
Both participants and investigators were not able to distinguish between the two 42. 
This provides confidence that both participants and investigators will remain well 
blinded throughout the duration of a double blind trial. However, it is yet unsure 
if the same applies for tDCS stimulation at 2 mA, as the physical sensations at this 
intensity are more pronounced and redness of the skin may occur. Although the 
literature is still unclear if participants themselves are able to differentiate between 
2 mA active stimulation and placebo treatment, it has been found that redness of 
the skin is a possible clue for researchers to differentiate between the two 43,44. 
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However, it is important that these results stem from crossover studies, in 
which subtle differences between treatments and the effects on each individual 
participant attract more attention.  Brunoni and collegues 17 investigated tDCS 
blinding of 2 mA stimulation in a large sample of patients with a depression 
disorder, using a parallel design. Each patient received either active or placebo 
treatment. They found that patients were able to identify 2 mA active treatment 
above chance level, but this appeared to be related to the occurrence of clinical 
response. Patients who did not show clinical response to treatment were not able 
to identify active treatment. However, this study did not mention results about the 
accuracy of blinding in tDCS operators, which were different investigators than 
the assessors of the clinical effect of the treatment. Knowing if a parallel design has 
advantages for the accuracy of blinding in tDCS operators is important to assess 
the reliability of results from double blind studies using placebo-controlled tDCS 
in parallel designs.

At this time, studies using tDCS in AH have highly similar methods, using 15-20 
minutes of treatment at 1-2 mA and mostly the same locations for the electrodes. 
Future research could further investigate if these are indeed the most optimal 
parameters and locations for tDCS in AH. At this moment, the locations that are 
used most often are the left TPC and left DLPFC. In TMS, the left TPC is also the 
most used brain area for inhibitory stimulation as a treatment for AH. Multiple 
attempts at other locations for TMS did not lead to positive results compared to 
placebo 18. Considering that, the choice for the left TPC as a location for the cathode 
in tDCS seems logical. However, it may be worth the effort to test the efficacy of 
both cathodal and anodal tDCS on other brain areas that have been associated with 
AH. 

Furthermore, the precision of the treatment in influencing the targeted brain areas 
could possibly be optimized. In most studies, relatively large electrodes are used 
with a surface size of 35 cm2. However, it is also possible to use smaller electrodes 
with a surface size of 25 cm2 or even so called ‘high definition’ tDCS in which 
electrodes are used with a diameter of 12mm or less 45. Such a method may increase 
the precision of treatment by decreasing the amount of electricity that is lost due 
to distribution over the scalp. But using smaller electrodes should be investigated 
thoroughly, as the neuromodulating effects of small electrodes can strongly differ 
from those of big electrodes 8. It is possible that the desired effects are eliminated 



5

Review: tDCS in auditory hallucinations | 93

instead of increased using small electrodes, as they are designed for more focal 
effects and will have less effect on surrounding brain areas and their connections. 
The use of small electrodes also increases the need for more precision in placing 
the electrodes on the scalp. Currently, electrode placement is mostly done using 
the international 10-20 system for EEG electrode placement 46, but it is unclear 
whether this offers enough precision when using smaller electrodes. A stereotactic 
neuronavigation technique based on an individual’s structural MRI image may 
be a suitable option to offer more reliability that the focus of tDCS treatment is 
targeted at the right brain area 47–49. 

Conclusion
At this moment, tDCS appears to be a possible new treatment option to help reduce 
treatment-resistant AH. However, as currently only 3 randomized controlled 
trials have been published with relatively small sample sizes, 2 of which reporting 
positive results and 1 with non-significant results, insufficient data is available to 
determine if tDCS treatment is indeed effective in AH. Future placebo-controlled 
trials in large samples will have to assess if the mainly positive results up till now 
can be replicated. Furthermore, different methods and parameters for stimulation, 
localization and precision of tDCS should be investigated in more detail to further 
optimize this treatment.
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Abstract
Background
Transcranial direct current stimulation (tDCS) could be a treatment option for 
medication-resistant auditory hallucinations (AH), but so far results have been 
inconclusive, and large sample trials have been missing. This study used tDCS as 
a treatment method for these hallucinations in a double-blind, placebo-controlled 
study with a relatively large sample size.

Methods 
Fifty-four patients with AH were randomized and treated during 10 sessions of 20 
min each, with either 2 mA tDCS or placebo, administered on five consecutive days 
(i.e., two sessions per day). Anodal stimulation was targeted at the left dorsolateral 
prefrontal cortex, cathodal stimulation at the left temporoparietal junction. AH 
severity was assessed using the Auditory Hallucination Rating Scale (AHRS). 
Other outcome measures were assessed with the Positive and Negative Syndrome 
Scale (PANSS), the Stroop, and the Trail Making Test.

Results 
AH frequency and severity decreased significantly over time, as did the scores on 
the total and general subscales of the PANSS. However, there was no significant 
interaction effect with the treatment group on any of the main outcome measures.

Conclusions 
We found no evidence that tDCS is more effective for medication-resistant AH 
than placebo, even though AH frequency and severity decreased in both groups. An 
alternative strategy may be to offer tDCS at an earlier stage of illness. Alternatively, 
and in the light of recent investigations into the neurophysiological mechanisms 
behind tDCS, we have to consider the possibility that tDCS is not able to induce 
long lasting brain changes.
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Introduction
Auditory hallucinations (AH) are experienced in the context of a wide range of 
psychiatric and neurologic disorders, as well as in the absence of any apparent 
pathology in the general population 1,2. They are most frequent in patients 
diagnosed with schizophrenia, occurring in 60 to 70% of this group 3,4. Usually 
AH respond well to antipsychotic medication, but in approximately 25% of the 
cases they persevere, even despite adequate pharmacological treatment 5. For 
patients in this refractory group, treatment options are scarce. This is unfortunate, 
since AH tend to have a large impact on patients’ quality of life, especially when 
they are derogatory, threatening, and/or abusive in nature 6. Moreover, their 
presence is associated with increased violence, hospitalization, and risk of suicide 
7. Psychological interventions such as cognitive-behavioral therapy are useful for 
reducing the impact and stress generated by hallucinations, but not for reducing 
them 8,9. As a consequence, there is an urgent need for effective therapeutic 
strategies for treatment-resistant AH. Over the past two decades, advances in 
functional neuroimaging have prompted researchers to investigate non-invasive 
brain stimulation (NIBS) to diminish treatment-resistant AH. Hoffman 10 was 
the first to successfully treat AH using low-frequency transcranial magnetic 
stimulation (TMS) targeted at the left temporoparietal junction (TPJ), an area 
associated with the mediation of AH11. However, many subsequent randomized 
controlled trials failed to reproduce these early effects of TMS, especially when 
compared to placebo, and effect sizes have accordingly dropped to much lower 
levels 12,13.

A related NIBS method currently under investigation in various international 
institutions as a treatment method for AH, is transcranial direct current stimulation 
(tDCS). This method involves the placement of two electrodes on the skull; one 
positively charged (the anode) and one negatively charged (the cathode), with a 
weak direct current, usually of 1-2 mA, made to flow between them. The effect 
this creates is considered a form of neuromodulation rather than stimulation, 
meaning that it is not believed to induce action potentials in the underlying neuron 
populations, but rather increases or decreases in cortical excitability, in a polarity-
dependent manner. Beneath the anode the proposed effect consists of increased 
cortical excitability, and beneath the cathode of decreased cortical excitability 14–16, 
although recent insights show that the modulation mechanisms may be somewhat 
more complex 17. Awaiting the further elucidation of these mechanisms, the effects 
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of tDCS in the long run are thought to stem from mechanisms similar to long-term 
potentiation (LTP) and long-term depression (LTD) 18,19.
An important advantage of tDCS is that it is safe, and that it yields relatively few 
and mild side effects. It is therefore considered a low-risk treatment option capable 
of inducing therapeutic results within a few days, which is another advantage in 
comparison to antipsychotic medications, which tend to need much more time to 
exert their full efficacy 20. As the tDCS treatment device is moreover portable and 
relatively cheap, in the future even self-treatment at home seems feasible and safe, 
thus promoting patient autonomy, and reducing the requirement of prolonged 
assistance by professionals, with a direct effect on the costs of care21. Taken together, 
these advantages make tDCS an attractive method to be developed further for the 
treatment of treatment-resistant AH. For the purpose of scientific research, an 
important advantage is that the technique also lends itself well for double-blind 
studies. During treatment, the device produces no sounds and evokes no twitches 
of the facial muscles such as occur during TMS. What tDCS may produce, is a mild 
itching, tingling or burning sensation in or on the head, which typically lasts for 
30-60 s, and then fades away. Devices designed for sham procedures reproduce 
these initial sensations with the aid of specific study modes 16,22.

The first randomized, placebo-controlled trial that investigated tDCS for AH 
showed excellent results in a sample of 30 patients 23. However, trials that followed 
showed inconsistent results, and recent meta-analyses were therefore incapable of 
confirming the efficacy of tDCS for treating AH24,25. As all prior RCTs were based 
on relatively small sample sizes, a study on a larger scale was needed to shed more 
light on the potential of tDCS for AH treatment. In the present paper, we present 
the results of an RCT with the largest sample size to date, investigating the effects 
of tDCS on treatment-resistant AH compared to placebo in a double-blind design.

Material and Methods
Subjects
Fifty-four patients experiencing AH were recruited at the University Medical 
Center Utrecht and Parnassia Psychiatric Institute, The Hague, for this multi-
center, double-blind, randomized, placebo-controlled trial which ran from May 
2014 to August 2017. All patients were diagnosed by an independent psychiatrist 
according to the criteria issued by the Diagnostic and Statistical Manual of Mental 
Disorders, Fourth Edition, Text Revision 26. 
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Inclusion criteria were:
- Frequent AH, at least five times per week
- Medication-resistance, defined as insufficient treatment response to at least 

two different types of antipsychotic medication in adequate dosages
- A stable dose of antipsychotic medication (if any) for at least two weeks at study 

entry

Exclusion criteria were:
- Age < 18 years
- Pregnancy
- (History of) epilepsy
- (History of) comorbid cardiac or neurological disease
- Skin disease at the location of electrode placement
- Undergoing coercive treatment
- Being under the Dutch equivalent of the Mental Health Act or being under legal 

custody 

Patient demographics are shown in table 1. All patients provided written informed 
consent. The study was approved by the human ethics committee of the University 
Medical Center Utrecht, carried out in accordance with the Declaration of Helsinki, 
and registered on www.clinicaltrials.gov (NCT01977521).

Procedures
Patients were randomized over active treatment versus placebo conditions with the 
aid of a computer-generated randomization program (www.randomization.com) 
stratified for handedness. All participants and study staff were blind to treatment 
allocation.
Participation involved eight study visits, comprising a baseline visit (T0), five 
consecutive days of tDCS treatment with clinical assessments on the final day of 
treatment (T1), a follow-up visit after one month (T2), and another follow-up visit 
after three months (T3). At T0-T3 we administered the Auditory Hallucination 
Rating Scale 27 and the Positive and Negative Syndrome Scale (PANSS) 28 to 
assess AH severity and other symptomatology. In addition, participants completed 
the Stroop task, card 1, 2, and 329, and the Trail Making Test (TMT), part A and 
B 30, to assess the effects of tDCS on neurocognitive performance. To assess the 
effects of treatment expectations on treatment outcome, we asked participants to 
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rate their expectations regarding the efficacy of tDCS at T0, using a 10-point Likert 
scale (1 = ‘I don’t think this treatment will be effective at all’ to 10 = ‘ I think my 
hallucinations will have completely disappeared after this treatment’). At T1-T3 
we also assessed adverse events using the tDCS Adverse Effects Questionnaire 31. 
Finally, at T3 we asked participants to guess their treatment allocation, in order 
to assess blinding efficacy. Afterwards, both study staff and participants were 
unblinded, and patients in the placebo group were then offered a week of active 
tDCS treatment, if they so wished.

Table 1. Patient demographics per treatment groupa

Active tDCS ( N = 28) Placebo (N = 26)

Gender (Male/Female) 14 / 14 11 / 15
Age (Range, M, SD) 24-69, 44 (11) 23-74, 44 (12)
Handedness (Right/Left) 25/3 24/2
PANSS score (M, SD) 68 (16) 64 (17)
AHRS score (M, SD) 28 (6) 30 (5)
Expectation of effect (M, SD) 6 (2) 5 (3)
Stroop 1 (M, SD)
Stroop 2 (M, SD)
Stroop 3 (M, SD)

64.8 (30.1)
89.2 (27.6)
145.4 (66.0)

56.9 (18.4)
80.1 (20.1)
125.9 (46.5)

TMT A (M, SD)
TMT B (M, SD)

66.6 (49.5)
156.5 (85.2)

41.4 (15.7)
94.3 (35.3)

Diagnosis
Schizophrenia 21 13
Psychosis NOS 4 8
Schizoaffective disorder 1 1
Affective disorder 1 2
Borderline personality disorder 1 2
Antipsychotic medication
First-generation 4 2
Second-generation 20 16
Both 3 4
None 0 4
Unknown 1 0

Note: AHRS = Auditory Hallucinations Rating Scale; M = mean; PANSS = Positive and Negative 
Syndrome Scale; SD = standard deviation; tDCS = transcranial direct current stimulation; TMT = Trail 
Making Test
a Significant differences at baseline P<0.05 are printed in bold 
b Deviating N for cognitive tasks. TMT A: tDCS N=28, placebo N=25, TMT B: tDCS N = 27, placebo 
N = 24, Stroop card 1: tDCS N=26, placebo N=24, Stroop card 2: tDCS N=26, placebo N=24, Stroop 
card 3: tDCS N=25, placebo N=24
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tDCS parameters
Stimulation was performed using a neuroConn DC Stimulator Plus (neuroCare 
GmbH, Ilmenau, Germany) set in ‘study mode’ to enable a double-blind treatment 
design. We used two 7x5 cm electrodes, placed in synthetic sponges soaked in a 
saline solution (0.9% NaCI), with the anode on the left dorsolateral prefrontal 
cortex (DLPFC), and the cathode on the left TPJ. Stimulation was set at 2 mA 
for 20 min, plus an additional ramp-up and ramp-down period of 30 s each. As 
the physical sensation of active treatment with tDCS lasts for approximately 30-
60 s, placebo stimulation consisted of a 40-second period of real stimulation to 
reproduce these sensations, after which only an impedance check (current pulse 
of 110 µA) occurred every 550 ms for the remainder of the treatment duration. 
Stimulation took place twice a day, on five consecutive days. The daily sessions 
were interspersed by three hours off-time. This paradigm was adopted from 
Brunelin and colleagues 23 for replication purposes.

Statistical Analysis
All analyses were performed in SPSS version 22. Baseline comparisons were 
carried out over the intention-to-treat group of 54 participants. Age, baseline 
AHRS, PANSS, Stroop, TMT, and treatment expectancy scores were compared 
between the groups using Student’s t-tests. If Levene’s test indicated unequal 
variances, degrees of freedoms were adjusted accordingly. Differences in gender 
and use of antipsychotic medication between the two groups were compared 
using Fisher’s exact test. For analysis of the primary and secondary outcomes, all 
dropouts were excluded. The effects of tDCS on AH severity, PANSS, Stroop, and 
TMT were measured using a mixed-design ANOVA with AHRS scores, PANSS 
scores, Stroop scores, and TMT scores over time as within-subjects factors, and 
treatment group as a between-subjects factor. Due to outliers on the cognitive 
tasks, that analysis was repeated excluding four participants. The Greenhouse-
Geisser correction was used to adjust the degrees of freedom if the assumption of 
sphericity was violated. The immediate effects of tDCS on AH were tested using 
Student’s t-test on the difference scores between T0 and T1. This could be done 
for almost the entire intention-to-treat group, as there was only a single dropout 
at T1. We compared the number of responders in each group using Fisher’s exact 
test. We defined AH response to tDCS as an improvement of >20% on the AHRS 
at T1 compared to T0. As treatment expectations may influence AH improvement, 
regardless of treatment condition, we correlated prior expectation ratings to the 
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AHRS difference score T1-T0, using Kendall’s tau. Differences in adverse events 
between the two groups were assessed using Student’s t-test. Lastly, we assessed 
blinding effectiveness using Fisher’s exact test. Three missing values in the AHRS 
were imputed by carrying the last observation forward. Two participants with 
missing data for the PANSS were excluded for PANSS analyses, while participants 
with varying missing data for the Stroop task (five participants for Stroop task 1, 
six participants for Stroop task 2, and seven participants for Stroop task 3) were 
excluded for the corresponding Stroop analyses, and two participants with missing 
data for both TMTs were excluded for TMT analyses.

Results
Baseline comparisons
There were no baseline differences between the groups for age, gender, AHRS 
severity scores, total PANSS score, completion time of the Stroop task, treatment 
expectations, and type of antipsychotic medication. However, participants in the 
active treatment group were significantly slower at completing both versions of the 
TMT: TMT A, t(32.9)= -2.6, P=.02, 95% CI =  -45.3 – -5.2, and TMT B, t(35.5) = 
-3.5, P=.001, 95% CI =  -98.6 – -25.9 (table 1).

Dropouts
Of the 54 included participants, 53 participants completed both T0 and T1. An 
additional nine participants were lost to one or both follow-up visits (table 2).

tDCS effects on AH
There was a significant main effect of time on total the AHRS score, F(2.5,104.4)=5.7, 
P=.002, η2

p = .12. Patients reported at mean less severe AH after treatment (figure 
1). Pairwise comparisons show that the mean AHRS score was significantly lower 
at all three post-treatment measurements compared to T0 (table 3); the AH 
reduction remained present up to three months after treatment. There was no 
treatment group x time effect, F(2.5, 104.4)=1.4, P =.25, thus the effects of tDCS 
on AH were not superior to placebo. Neither did we find any significant differences 
between the groups on AHRS difference scores T1 versus T0, t(51)= -1.13, P =.27, 
95% CI = -4.31 – 1.21, meaning that the immediate effects of tDCS on AH were not 
superior to placebo either. The percentage decrease in AHRS scores over time in 
both treatment groups is shown in figure 1.
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Table 2. Study dropout and missing visits

Participant Missing visits Reason for dropout Treatment group

1 T3 No longer wanted to participate tDCS
2 T2 and T3 No longer wanted to participate Placebo
4 T1, T2 and T3 SAE during treatment weeka Placebo
10 T3 Intracarotid sodium amobarbital 

procedure scheduled after T2b

Placebo

24 T2 and T3 No longer wanted to participate Placebo
28 T2 and T3 Exacerbation of symptomsc Placebo
30 T2 and T3 Exacerbation of psychotic symptomsc Placebo
48 T2 and T3 No longer wanted to participate tDCS
49 T2 and T3 No longer wanted to participate Placebo
54 T3 No longer wanted to participate Placebo

a Treatment was not continued after SAE
b T2 cancelled, unblinding took place after T1 so that a possible week of active treatment could take 
place before this procedure
c Participants were no longer able to complete questionnaires/tasks 
Abbreviations: SAE = Serious Adverse Event

Treatment group
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Placebo
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Figure 1. Effects of tDCS on baseline-corrected AHRS scores. 
AHRS decrease over time was statistically significant, but there was no significant interaction effect 
with treatment group. Error bars indicate standard error +/- 2. T0 = baseline, T1 = after last treatment, 
T2 = one month follow-up, T3 = three months follow-up



108 | Chapter 6

Table 3. Mean AHRS scores at different time points

Time point Total group Active tDCS Placebo P-valuea

T0 (M, SD) 28.4 (5.3) 27.9 (5.7) 29.0 (4.8) -
T1 (M, SD) 25.7 (6.0) 25.2 (6.7) 26.3 (4.9) < .00
T2 (M, SD) 25.9 (6.3) 26.5 (6.5) 25.1 (6.1) .001
T3 (M, SD) 26.5 (7.0) 26.8 (5.7) 26.0 (8.7) .04

a P-values are the outcome of pairwise comparison of the mean AHRS score at that time point 
compared to T0 for the total group
Abbreviations: M = mean, SD = standard deviation

Responders
With four responders in the active treatment group, versus five in the placebo 
group, there were no significant differences between the two groups as regards 
total number of responders (P=.72, Fisher’s exact test). 

Effects of prior expectations on AH reduction
There were no statistically significant correlations between participants’ prior 
expectations regarding the effects of treatment, operationalized as the mean AHRS 
at T1 compared to T0, τb = -.02, P = .83.

tDCS effect on symptoms as measured by the PANSS
There was a significant main effect of time on total PANSS score, F(2.5, 99.0)= 
5.7, P =.002, η2

p= .12. Patients reported less severe total PANSS scores after 
treatment, showing a decrease of the total mean PANSS score from 65.1 (SD=15.8) 
at T0, to 58.0 (SD=14.8) at T3. There was no treatment group x time interaction, 
F(2.5,99.0)= .45, P =.69, so tDCS had no superior effect on the total PANSS score 
in comparison with placebo. There was also a significant main effect of time on 
the PANSS general subscale, F(2.4, 97.2)= 7.7, P =.002, η2

p = .16. Patients had less 
severe general PANSS scores after treatment, with the mean score decreasing 
from 32.3 (SD=8.8) at T0, to 28.0 (SD=7.7) at T3. There was no treatment group 
x time interaction, F(2.4, 97.2)= 1.3, P =.27, so tDCS had no superior effect on 
PANSS general scores in comparison with placebo. Then there was a trend effect 
of time on the PANSS positive subscale, F(2.2, 86.6)= 2.9, P =.06, η2

p = .07, with 
a trend towards less severe PANSS positive scores after treatment, and the total 
mean score decreasing from 18.1 (SD=6.1) at T0, to 16.2 (SD=4.9) at T3. There was 
no treatment group x time interaction, F(2.2, 86.6)= .36, P =.72, so tDCS had no 
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superior effect on the PANSS positive scores in comparison with placebo. Finally, 
there was no significant main effect of time on the PANSS negative subscale, F(2.4, 
97.9)=1.76, P =.17, and also no significant treatment group x time effect on the 
PANSS negative subscale, F(2.4, 97.9)=.24, P =.83. Participants did not have less 
severe PANSS negative scores after either active or placebo treatment.

tDCS effects on cognition
There was a significant main effect of time on the total completion time (in seconds) 
of the TMT in both TMT A, F(2.33, 93.1)=4.3, P =.01, η2

p= .1, and TMT B, F(2.5, 
101.6)=  7.03, P =.001, η2

p= .15. Participants completed both versions of the task 
faster over time. There was a trend interaction effect with treatment group for TMT 
A, F(2.33, 93.1)=2.4, P =.09, η2

p= .06,  with the tDCS group showing a trend towards 
completing TMT A faster than the placebo group after one week of treatment. After 
excluding four substantial outliers, this effect disappeared, F(2.18, 80.66)= 2.26, 
P =.11. For TMT-B, there was no interaction effect, F(2.5, 101.6)= 1.16, P =.33, but 
after excluding the four outliers there was a trend interaction effect, F(3, 111)= 2.32, 
P =.08, η2

p= .06, suggesting that after one week of treatment the tDCS group may 
have completed TMT-B faster than the placebo group. None of the other results 
changed after exclusion of the four outliers. There was a significant main effect of 
time on total completion time of the Stroop task 2, F(3, 108)= 3.61, P =.02, η2

p= .09, 
and a trend effect of time for Stroop task 3, F(2.08, 72.95)= 2.69, P =.07, η2

p= .07. 
There was no significant main effect of time for Stroop task 1, F(2.47,91.50)= .90, P 
=.43. Participants completed the second and possibly also the third version of the 
task faster over time, but not the first version of the task. Importantly, there was no 
significant interaction effect with treatment group for any of the tasks, respectively 
Stroop task 1: F(2.47,91.50)= .35, p=.75, Stroop task 2: F(3, 108)= .38, P =.77, 
Stroop task 3: F(2.08, 72.95)= .07, P =.94. Thus active treatment had no superior 
effects on cognitive functioning as measured by the Stroop. Exclusion of outliers 
did not change any of these results.

Side effects
The frequency of adverse events in both groups at T1, T2, and T3 are shown in table 
4. One serious adverse event (SAE) occurring during the treatment week required 
medical attention. This patient lost consciousness shortly after treatment, lasting 
a few minutes, and was taken to the emergency room for observation. After this, 
patient and staff were unblinded. As the patient was found to have received placebo 
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treatment and her treating physician recognized the symptom as familiar in this 
patient, we concluded that this was not an SAE of tDCS. There were no significant 
differences between the groups regarding any of the adverse events, except for a 
trend towards more redness of the skin in the active treatment group at T1 (P =.06, 
Fisher’s exact test).

Blinding efficacy
In the active treatment condition, 13 participants (46%) had correctly guessed that 
they had received active tDCS treatment, versus 12 (43%) who had guessed it to 
be placebo treatment, and three (11%) who had not guessed at all. In the placebo 
group, eight participants (31%) had correctly guessed that they had received 
placebo treatment, versus 12 (46%) who had guessed it to be active treatment, 
and six (23%) who had declined to guess. In this respect there were no significant 
differences between the groups (P =.77, Fisher’s exact test).

Table 4. Frequency of adverse events as measured with the aid of the tDCS Adverse 
Effects Questionnairea

Adverse event tDCS Placebo

Headache 10 13
Neck pain 4 6
Scalp pain 3 5
Tingling 12 8
Itching 14 7
Burning sensations 9 13
Skin redness 7 3
Sleepiness 12 14
Trouble concentrating 11 10
Acute mood change 3 4

a There were no significant differences between the groups as regards adverse events

Discussion
The present study investigated the efficacy of tDCS treatment for medication-
resistant AH in 54 participants by means of a double-blind, placebo-controlled 
study. To date, this is the largest sample size in the field. We aimed to replicate 
earlier positive results by using a similar design as studies reporting AH decreases 
of over 30%23,32–34. What we found, however, is that AH decreased in severity over 
time in both groups, and that 2 mA tDCS was not superior to placebo. The same was 
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true for effects on the total PANSS scores, the general subscale of the PANSS, and 
- at trend level - for the positive subscale of the PANSS. For the negative subscale 
of the PANSS, there was no decrease over time in either group. As there was no 
superior effect of active treatment over placebo for any version of the Stroop task, 
there was no significant improvement of cognition either. Participants remained 
properly blinded throughout participation, as indicated by the finding that they 
were unable to guess their treatment allocation any better than by chance.

Thus the current study failed to replicate the previous positive results of tDCS 
on AH 23,32–34, even though treatment paradigms were similar. This is in line 
with several smaller studies, which likewise failed to find any superior results of 
tDCS over placebo on AH 35–37. However, bearing in mind that the effects were 
not treatment-specific, our study still succeeded in reducing the severity of AH 
in a notoriously treatment-resistant population. That effect, reminiscent of Lewis 
Carroll’s “Everyone has won, and all must have prizes,” has been noticed before 
in NIBS studies, and attributed to nonspecific factors such as the sudden increase 
in the intensity of care characteristic of those studies, hope, expectancies of 
technological innovations, psycho-education effects, and cognitive recalibration 
(i.e., the realization that symptoms are caused by abnormal neural processes 
rather than by some external source) 38,39. To investigate such nonspecific factors, 
and find out how they may perhaps be employed to increase the efficacy of existing 
treatment methods, is worthy of a study in itself. As our group previously found 
that younger age is a predictor for better response of AH to TMS 40, another avenue 
for further research would be to investigate whether this also holds true for tDCS.

Historically, the first results of tDCS on AH have been excellent, but recent meta-
analyses were unable to confirm its efficacy due to inconsistent results, and advised 
larger-sample RCTs 24,25. This is the first study with a relatively large sample size, 
but information posted on www.clinicaltrials.gov indicates that more studies of this 
kind are underway. If they replicate the results of the current study, future meta-
analyses are bound to establish that tDCS is not effective for AH in its current form. 
Several studies found AH decreases of over 30%, whereas the present study found 
a mean reduction of only 7% in AHRS scores, which is comparable to symptom 
reductions as found in the sham groups of some of the prior RCT’s 23,32–34. However, 
the latter studies did not assess blinding efficacy, which means that participants 
may perhaps have been unintentionally unblinded. A more likely reason though, 
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for the prior positive findings, is the smaller sample size of the studies at hand. An 
underpowered study does not only reduce chances of finding true effects, it also 
reduces the probability that a positive finding reflects a true effect. Moreover, it 
increases the likelihood that estimates of effects are exaggerated 41,42.
It is important to mention here, that there has been much debate about the 
possible effects of tDCS on neuroplasticity19,43,44, especially in connection with LTP-
like effects that have been found in rat hippocampal brain slices after both in vivo 
and in vitro tDCS 18.  Recently, scientists have also tried to establish the effects of 
tDCS in human post mortem studies, and found that nearly all the electricity was 
shunted away by skin and skull, implying that insufficient electricity enters the 
brain to be of any influence45. However, Opitz et al.46 showed that measurements of 
transcranial electrical stimulation are different in a postmortem brain compared 
to a living brain, increasing with postmortem time. Furthermore, a recent study 
using fMRI showed that brain activity was altered after tDCS 47. Importantly, the 
neurobiological mechanism of tDCS on the brain is not yet sufficiently understood 
and there is scarce data available on dose-response in this field 48. Such knowledge 
is of vital information in order to find optimal treatment parameters. Given the 
above, we cannot rule out that our lack or support for a therapeutic effect of tDCS 
on AH despite the largest sample to date is due to the fact that tDCS is not able to 
produce lasting changes in brain function. 

Limitations
The present study has various limitations. Although we investigated a relatively 
large sample of patients, there is still risk that it, too, was underpowered, and 
therefore a priori incapable of properly detecting any group differences. However, 
the trends observed for tDCS treatment group on cognition do suggest our study 
has in general sufficient power to pick up tDCS induced changes on human 
behavior (including the experience of AH). Moreover, as most dropouts in our 
study were allocated to the placebo group, the results may have been influenced 
by the inefficacy of treatment as experienced by that group. However, only one 
dropout existed in the t-test T0 vs T1, and this test did not hint at any significant 
differences between the two groups.
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Conclusion
The current study found no evidence that tDCS, administered over the left DLPFC 
and left TPJ, is an effective treatment method for medication-resistant AH in 
comparison to placebo. Importantly, this report could inform researchers and 
clinicians of a treatment regime and/or tDCS specifications that are not effective in 
treating AH, allowing more fruitful future attempts. Future studies might benefit 
from alternative treatment strategies involving a slightly stronger current (i.e., 3 
mA), different electrode placements or a younger target population. In addition, 
basic knowledge of the neurobiological mechanisms underlying tDCS and its effects 
on the brain is urgently needed. Finally, combining patient-level data may be of 
value to obtain sufficient power among individual studies. For despite the negative 
results - as compared with placebo – an important conclusion of the present study 
remains that improvement of medication-resistant auditory hallucinations is well 
achievable with the aid of tDCS (or placebo).
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Letter to the editor
To the editors,
Transcranial direct current stimulation (tDCS) is a non-invasive focal 
neuromodulation technique in which low intensity electric current is applied using 
two surface electrodes; an anode and a cathode 1. This technique can modulate 
cortical excitability, increasing excitability under the anode and decreasing 
excitability under the cathode. Longer-term effects may result from modification 
of N-methyl-D-aspartate (NMDA) receptor efficacy, leading to long-term synaptic 
plasticity changes such as long term depression and potentiation 1–3. In the past 
years, tDCS has received much attention and has shown efficacy in initial studies 
on several psychiatric and neurologic symptoms, such as depression, obsessions 
and auditory hallucinations 4. A single case study of a patient with schizophrenia 
suggests that tDCS could also be an effective treatment for visual hallucinations 5. 
We here present a second case of a young woman with frequent visual hallucinations, 
who also had some benefit from tDCS therapy.

In January 2016 a 26-year old woman was referred to our clinic for a second 
opinion, who suffered from recurrent major depression episodes for the past ten 
years. Throughout all of that time she also experienced visual hallucinations on a 
daily basis, persisting in the absence of a depressive episode. The hallucinations 
were present continuously and took the form of dead bodies (males) lying on the 
ground or hanging from windows, with open eyes fixated on her. She also perceived 
five different wandering males covered in blood, which she referred to as ‘zombies’. 
She had no hallucinations in other modalities. No delusions were present and the 
patient was well aware that her hallucinations were not real. Despite this insight, 
the hallucinations posed a heavy daily burden, as she was constantly on her guard 
to avoid seeing them, i.e. placing furniture in ways to avoid looking at dark spots 
or open windows. Entering new areas by herself was also difficult, as she needed 
the absence of other people’s reactions to unexpected images to confirm that 
the images were not real. Stress and exhaustion exacerbated the symptoms and 
decreased the efficiency of coping mechanisms. 

She had tried treatment with antipsychotic quetiapine (maximum dose 50 mg 
per day) for 4 months and with olanzapine (maximal dose and duration of use 
unknown). Both treatments were discontinued as she experienced bothersome 
side effects (weight gain and fatigue) but no improvement of hallucinations. 
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Furthermore, she had received both psychotherapy and cognitive behavioral 
therapy at several institutions for her symptoms in the past, both during 
hospitalizations and as outpatient treatment, which did lead to coping strategies 
but not to alleviation of the hallucinations. Her current medication was mainly 
for symptoms of depression: nortrilen 180mg, zopiclon 7,5mg and melatonin 
10mg. She did not smoke.  As tDCS is a safe method and comparable to placebo 
in side-effects, we decided to administer experimental treatment following the 
tDCS protocol of Shiozawa et al. 5. The patient received 2 mA tDCS for 20 minutes 
twice daily for five consecutive days, with a ramp-up and ramp-down period of 30 
seconds. In total, she received 10 treatments. We used a Neuroconn Stimulator 
with two 35 cm2 (5 cm x 7 cm) electrodes in sponges that were soaked in a saline 
solution. We placed the anode at the left dorsolateral prefrontal cortex (F3) and 
the cathode at the occipital area (Oz) using the 10-20 international EEG system for 
electrode placement.

After this treatment week, the patient reported that she no longer experienced the 
visual hallucinations continuously; she now experienced them at least once hourly. 
Importantly, the hallucinations that were most intrusive to her, the wandering 
males (“zombies”), disappeared entirely.
In hopes of augmenting the treatment effect, we administered another week of 
twice daily tDCS. However, further improvement was not obtained. Although the 
symptoms did not subside entirely or permanently, our patient did experience 
relief of the visual hallucinations by the treatment due to the disappearance of the 
most intrusive kind of hallucinations. Furthermore, she also reported a decrease 
in depressive mood and an increase in energy due to the tDCS. Treatment effects 
lasted for approximately 3,5 weeks. After that, the symptoms recurred during a 
period of increased stress. 

Our results imply that tDCS may ameliorate visual hallucinations when 
antipsychotic medication fails, is not tolerated or indicated. For patients who 
suffer from visual hallucinations without accompanying delusions, such as those 
with a major depressive disorder with psychotic features or perhaps those with 
neurodegenerative disorders, tDCS may be a well-tolerated and potentially 
effective treatment. 
It should be noted that well-powered trials with a placebo condition do not yet exist 
on visual hallucinations and tDCS, and are needed to test efficacy of this method. 
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As tDCS treatment is fast and easy to administer, with very few side effects and 
treatment effects already occurring after a few days, our results indicate that such 
studies may be of interest. 
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The research presented in this thesis reported on the efficacy of two types of non-
invasive brain stimulation (NIBS) as treatment methods for hallucinations. The 
focus was mainly on auditory hallucinations that are refractory to treatment with 
antipsychotic medication. The first part described repetitive transcranial magnetic 
stimulation (rTMS), and the second part transcranial direct current stimulation 
(tDCS). Here I provide a summary of the main findings, a discussion of implications 
for future research, and a discussion of methodological considerations.

Part 1 – Repetitive transcranial magnetic stimulation
In this part of the thesis, the use of rTMS for auditory hallucinations was described. 
Previous studies had mostly used protocols of low frequency 1-Hz rTMS, with highly 
varying results between different studies. In several open-label and case studies, 
a new stimulation protocol using continuous theta burst rTMS showed positive 
results as a treatment for auditory hallucinations. This form of rTMS works in 
continuous three-pulse bursts of rTMS at 50 Hz and is thought to have an inhibitory 
effect on the underlying brain region. Therefore, in Chapter 2 we looked at the 
effects of continuous theta burst rTMS targeted at the left temporoparietal junction 
on auditory hallucinations in a randomized placebo-controlled trial involving 71 
participants. We found a mean decrease in the severity of AH after treatment, but 
this was true for both treatment groups. Unfortunately, we found no evidence that 
this method was an effective treatment method for auditory hallucinations when 
compared to placebo treatment.
As most previous trials investigated the effects of rTMS after multiple sessions of 
treatment, Chapter 3 aimed to determine whether there was an immediate effect 
of 1-Hz rTMS on auditory hallucinations when targeted at two separate locations 
on the brain: the left temporoparietal junction and its right-sided homologue. The 
effects on the symptoms were measured directly after each treatment session. As 
this was a cross-over design and participants may be able to differentiate between 
active treatment and placebo treatment with the aid of a sham TMS coil, a control 
location for active rTMS was used, i.e., the occipital lobe. Furthermore, resting-
state electroencephalography (EEG) was measured before and after treatment to 
investigate the neuronal effects of rTMS. No initial effect on AH was found for 
either target location when compared to the control location. Changes in neuronal 
activity as measured with the aid of EEG did not correlate with changes in AH 
severity, and changes in EEG-related power and connectivity measures did not 
differ across stimulation sites. 
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Although both this study and the previous study found no evidence that rTMS was 
superior to sham or a control location in the treatment of auditory hallucinations, 
it was notable that both did succeed to include various responders - patients who 
had a marked symptom improvement - even though the majority of the patients 
had small to no effects. This had also been noted in multiple other trials, including 
hallucination studies and studies using rTMS as a treatment for depression. In 
depression rTMS studies, researchers found some predictors for superior rTMS 
response, among which younger age. To assess whether such patient characteristics 
were also related to improved rTMS response in auditory hallucinations, in 
Chapter 4 we combined patient-level data of several RCTs that investigated 
TMS as a treatment for auditory hallucinations, and found that female gender and 
younger age predicted a stronger improvement of auditory hallucinations after 
rTMS. Specifically the finding that younger age is related to stronger improvement 
is of value, as the samples in most studies using rTMS for auditory hallucinations 
comprise middle-aged patients with treatment-resistant auditory hallucinations. 
This implies that some benefit might be gained when rTMS is offered to a younger 
population of patients.

Part 2 – Transcranial direct current stimulation
The second part of the present thesis focused on treating hallucinations with 
another form of non-invasive brain stimulation, namely transcranial direct current 
stimulation (tDCS). This is a safe and non-invasive technique that is able to 
influence cortical excitability through the application of very low electric currents, 
as described in Chapter 5. That chapter provides an overview of the technique and 
its use as a treatment method for auditory hallucinations, as well as its advantages 
when compared to rTMS. In addition, it provides guidelines for future research. 
An important conclusion from this chapter is that all existing RCTs in the field 
have very small sample sizes. As the efficacy of treatment should be confirmed by 
trials with larger sample sizes, Chapter 6 reported on the effects of 10 sessions 
of 20 minutes 2 mA tDCS as a treatment for auditory hallucinations in a sample 
of 54 patients, the largest sample in this area to date. During this treatment, 
cathodal stimulation was targeted at the left temporoparietal junction, where 
the inhibitory effect on cortical excitability was expected to lead to diminished 
auditory hallucinations. Simultaneously, anodal stimulation was targeted at the 
left dorsolateral prefrontal cortex, with the possible secondary advantage that this 
might result in improvement of negative symptoms and cognitive functioning. 
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Although we found that the auditory hallucinations decreased in severity 
after treatment, the main finding of this study was that treatment of auditory 
hallucinations with tDCS was not superior to placebo treatment. Both treatment 
groups showed equal improvement after a week of treatment. Somewhat off the 
general track of this thesis, Chapter 7 then investigated the effects of tDCS on 
hallucinations in a different sensory modality, namely visual hallucinations. Here, 
we described a case study of a patient with bizarre visual hallucinations who 
received 10 sessions of 2 mA tDCS. The anode was targeted at the left dorsolateral 
prefrontal cortex, and the cathode at the occipital lobe. After this treatment week, 
she no longer experienced the hallucinations continuously. More importantly, 
the most intrusive form of her hallucinations ceased entirely. Another interesting 
finding in this study was that prolongation of the treatment with yet another week 
did not lead to further improvement, indicating that the initial protocol of 10 
sessions was apparently sufficient for a maximum effect.

General Discussion
The studies in the current thesis found no evidence for the efficacy of either rTMS or 
tDCS as a treatment method for auditory hallucinations when compared to placebo. 
This is unfortunate, as this symptom remains highly troublesome for patients with 
different types of psychiatric and neurological disorders. Taken together, results 
on the use of NIBS for auditory hallucinations have been highly varying up till 
now. In the field of rTMS, initial studies were predominantly positive and meta-
analyses recommended the use of this treatment for auditory hallucinations 1–4. 
After multiple larger RCTs that had reported negative results, the most recent 
meta-analyses showed decreasing effect sizes 5,6. This phenomenon of decreasing 
effect sizes is not unique to NIBS studies, as the same has been noticed before 
in trials involving medication, cognitive-behavioural therapy 7, and even in - now 
obsolete - classic treatments such as insulin coma therapy. Importantly, however, 
effect sizes for rTMS have remained positive, even after correcting for publication 
bias, although publication bias did have a substantial effect on the results 5,6. This 
suggests that on the whole, rTMS for auditory hallucinations still appears to be 
effective, contrary to the results reported in the present thesis.
For tDCS as a treatment method for AH, the results are somewhat more ambiguous. 
Perhaps this is due to a change in the so-called ‘file-drawer’ problem that is often 
seen when new treatments are introduced, in which small RCTs with positive 
results get published, whereas those with negative results do not. As we have 
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seen, both positive and negative findings in smaller samples have been published 
recently in tDCS research, on the basis of which recent meta-analyses were not 
able to provide any conclusive results. More importantly, outside of the RCT 
described in the present thesis, those with larger samples are currently missing. As 
a consequence, more RCTs with large sample sizes are needed in the near future 
to facilitate properly substantiated recommendations for the use of tDCS for AH.

Notable for both rTMS and tDCS, most studies - including our own - could 
differentiate a few responders from a main population with small to no effects. 
For some people, the treatment apparently does work, which is something worth 
further investigating. In our own samples, several patients specifically requested 
maintenance treatment with rTMS or tDCS, as the effects were very helpful to them 
but unfortunately also quite temporary. Repeating treatments for a week every 
4 to 6 months helped maintain the positive effects they experienced. Although 
both RCTs described in the present thesis did not find any differences between 
responders from the active treatment group versus the placebo group, the number 
of responders was low, and the study samples may still have been too small to 
detect any differences in the number of responders between the two groups. 
Furthermore, the finding that younger age is a predictor for a positive treatment 
outcome for rTMS opens further possibilities for future research. As of yet, NIBS 
is often offered as a last resort, when medication and other treatment options have 
failed or resulted in insufficient improvement. If indeed younger patients have a 
better chance at improvement from this type of treatment, there is little reason why 
NIBS could not be used earlier. Due to its mild side effects and low risk profile, it 
may even be tried before medication. As we saw in Chapter 8, one week may already 
be sufficient to obtain a maximum effect (or to conclude that there is no effect), so 
adding this method to the treatment protocol does not require much extra time, 
and may even lead to rapid relief.  An RCT investigating the effects of NIBS in a 
young population of patients would therefore be of much value. Furthermore, a 
recent study found cortical anatomical variations to be of influence on the efficacy 
of rTMS in auditory hallucinations, such as scalp-to-cortex distance and grey-
matter density. Specifically, most benefit was found in patients with a cortical 
temporal region closer to the scalp and thus to the TMS coil during treatment. 
This is usually not accounted for during treatment paradigms, for example by using 
stronger stimulation parameters in patients with temporal regions further away 
from the scalp 8. Future studies would do well to make use of this information.
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Another possible reason why we did not find any effects of NIBS, may be the inclusion 
of patients with highly severe treatment-resistant auditory hallucinations. This is 
illustrated by the observation that in our studies, a majority of patients were on 
clozapine during study participation. Clozapine is the drug of choice for patients 
with treatment-resistant schizophrenia 9. Despite most of our patients taking 
clozapine, they still experienced severe auditory hallucinations and were thus not 
merely treatment-resistant, but also clozapine-resistant. Possibly, our patients 
were exceedingly difficult to treat. Some studies with positive results did not 
include a majority of patients taking clozapine 10–13, while other studies reporting 
positive results did not describe the specific medication types that were used, but 
instead provided chlorpromazine or olanzapine equivalents or merely mentioned 
the use of first- versus second-generation antipsychotics 14–21 or provided no clear 
overview of medication use in their sample 22–25. This prevents a proper comparison 
between studies as regards type of medication. It is possible that such medication 
differences are (partly) responsible for the varying results. Moreover, the type of 
antipsychotic medication is of vital importance for such comparisons, since they 
are of influence on the effects of NIBS, possibly due to differences in their level of 
dopamine D2 receptor affinity and/or their effects on the seizure threshold, and 
therefore on the threshold for modulating neuron populations 26–28. 
Several other factors may explain the large inter-individual variability of different 
studies. It has been proposed that the effects of NIBS are due to an interaction 
with the intrinsic ability of the brain to restore or rearrange functioning, by 
enhancement of neural plasticity 29.  This may be a major reason why rTMS as 
a treatment for depression has gathered such substantial proof of effect, that it 
has gained FDA approval in the USA, and, since 2017, also coverage by health 
insurers in the Netherlands. Such abundant efficacy has not yet been reached in 
tDCS for depression, but evidence-based guidelines currently do propose probable 
efficacy 30. For depression, antidepressant medications possibly also achieve their 
therapeutic effects based on enhancement of neural plasticity 31. If that is indeed 
the mechanism of action needed to promote recovery, it should perhaps not 
surprise us that NIBS are effective treatment methods for depression. However, 
if the effects of NIBS depend on enhanced neural plasticity, this implies that 
there may well be factors in play in psychotic disorders that influence cortical 
plasticity in a negative way, and thus the ability of NIBS to work as intended. Such 
factors are, besides the use of neuropharmacological agents, for example genetic 
abnormalities and dopamine D2 receptor activity 28. Such factors may complicate 
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the use of NIBS in psychotic disorders and influence whether - and how - patients 
will respond to this type of treatment. An important observation related to why 
NIBS may be ineffective in some or many patients with auditory hallucinations, 
is that dopamine dysregulation is considered to play a large role in the pathway 
to psychosis 32. It has been hypothesized that NIBS may require an optimally 
functioning dopamine system in order to induce neuroplasticity 26,33. Even outside 
of the fact that dopamine-regulating medication that most patients with psychotic 
disorders are taking, this could be of much influence. 

Furthermore, there is still some fundamental knowledge that is currently lacking 
for both rTMS and tDCS that is of vital importance for their optimal implementation 
as a treatment option in general. Concerning rTMS, much work is currently 
ongoing to gain a better understanding of its exact mechanism of action. Several 
groups are currently working on mapping the induced magnetic fields of rTMS in 
the brain using fMRI, which is important for correct rTMS guidance and dosimetry 
34–36. Specifically, such research beyond the often-studied primary motor cortex 
is of high value, as findings in the primary motor cortex do not automatically 
generalize to other brain areas. Future research should aim to understand the 
mechanisms of TMS application on brain regions that are currently used in many 
treatment strategies, such as the dorsolateral prefrontal cortex for symptoms of 
depression and the left temporoparietal cortex for auditory hallucinations. In the 
field of tDCS, there is even less knowledge about the exact working mechanism. 
Currently, researchers are even in discussion whether tDCS is able to stimulate 
neuroplasticity at all 37–39. As previously mentioned, LTP-like effects were found in 
rat hippocampal brain slices after both in vitro and in vivo tDCS application 40,41, 
but it is not deductible from such studies whether the mechanisms demonstrated 
in the animal brain will indeed be similar in the human brain.  A recent experiment 
using tDCS in an ex-vivo human brain showed that most electricity was shunted by 
skin and skull. If the same is true for the in-vivo human brain, not enough electricity 
would reach the brain to be of any influence 42. Importantly, this is difficult to test 
in humans, and measurements of transcranial electrical stimulation have been 
found to differ between a postmortem brain and an in-vivo brain 43. Also, recent 
research did find altered brain activity as measured by fMRI after tDCS treatment 
44. In order to accurately determine tDCS treatment efficacy, the neurobiological 
mechanism of this treatment must be further elucidated by future research.
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Methodological considerations
The studies described in the present thesis are subject to several methodological 
limitations that should be mentioned, as they are of influence on the interpretation 
of the results.
The two RCTs described in Chapters 2 and 6 had relatively large sample sizes when 
compared to most other RCTs in the field. However, the sample sizes were still not 
optimal. Theoretically, these studies may still have been underpowered, and thus 
unable to detect any statistical differences between the groups under study.
As several other studies with rTMS and tDCS for AH found much stronger 
results, our own studies may have suffered from limitations connected with the 
populations we studied. As previously mentioned, most patients were on clozapine, 
and thus clozapine-refractory. Although the combination of clozapine and NIBS 
appears to be safe, the efficacy of these treatments in clozapine-refractory auditory 
hallucinations is unclear 45. Furthermore, nearly all of our patients suffered from 
treatment-resistant auditory hallucinations. In depression, NIBS has mainly been 
found effective in non-treatment refractory cases 46. Furthermore, treatment 
refractoriness was found a negative predictor for response in depression 47. In 
Chapter 4, we could not specifically test for the predictive effect of treatment-
resistance due to the unavailability of data on non-treatment-resistant auditory 
hallucinations, but we did not find any predictive effects of total illness duration 
on rTMS response, which may be a factor related to some measure of treatment-
resistance of the symptoms.
Also, most of our patients were diagnosed with paranoid schizophrenia. Following 
standard ethical guidelines, our patients were of course made aware of the fact 
that they had a 50% chance of receiving a placebo treatment. Several patients 
mentioned that they were suspicious that we had deliberately assigned them to 
the placebo group, despite our thorough explanations that treatment allocation 
was randomized. Also, one patient specifically mentioned experiencing fear of 
improvement, as he was afraid of being allocated to placebo, and then we would all 
think that he had faked his symptoms. It is not unlikely that such thoughts were 
present in more patients, and this may perhaps also have been of influence on the 
treatment outcomes.
Considering the treatment target, our studies used only ‘standard’ locations in the 
brain for rTMS and tDCS, mostly the left temporoparietal junction for auditory 
hallucinations. The coil or electrodes were placed using the 10-20 international 
system for EEG electrode placement. For the left temporoparietal junction, this 
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equalled to the often-used T3P3 location (midway between electrodes T3 and 
P3). This may not be the most optimal method for targeting neurostimulation. 
Neuronavigation on the basis of the individual anatomical brain maps may be 
a better option, although it should be noted that a previous study by our group 
found no improvement of AH when neuronavigating the TMS coil to brain regions 
identified with peak hallucinatory activity as measured with fMRI 48.
Finally, a methodological problem that is inherent to any study investigating 
auditory hallucinations, is that all assessment tools necessarily depend on 
subjective reports from the patients. The reliability of such reports is a priori 
uncertain, but alternative methods do not exist.

Conclusion
The studies described in the present thesis found no efficacy of rTMS or tDCS 
for treatment-resistant auditory hallucinations in comparison with placebo. 
For both methods, results up till now are highly varying, with meta-analyses 
indicating modest, but positive effect sizes for rTMS, but not yet for tDCS. Future 
studies should focus on unravelling the neurobiological mechanisms underlying 
NIBS, and adapting treatment parameters and targeting methods accordingly. 
Furthermore, we found that younger age and female gender were predictors for 
a positive response to rTMS. Future work might aim at identifying more patient 
characteristics that may help to predict for whom NIBS have higher chances of 
success. The results in the current thesis call for new strategies in using NIBS as a 
treatment method for hallucinations.



8

Summary and general discussion | 137

References
1.  Aleman A, Sommer IE, Kahn RS. Efficacy of slow repetitive transcranial magnetic 

stimulation in the treatment of resistant auditory hallucinations in schizophrenia: a 
meta-analysis. J Clin Psychiatry. 2007;68(3):416-421. 

2.  Tranulis C, Sepehry AA, Galinowski A, Stip E. Should We Treat Auditory Hallucinations 
with Repetitive Transcranial Magnetic Stimulation? A Meta-analysis. Can J Psychiatry. 
2008;53(9):577-586. doi:10.1177/070674370805300904.

3.  Freitas C, Fregni F, Pascual-Leone A. Meta-analysis of the effects of repetitive 
transcranial magnetic stimulation (rTMS) on negative and positive symptoms in 
schizophrenia. Schizophr Res. 2009;108(1):11-24. doi:10.1016/j.schres.2008.11.027.

4.  Slotema CW, Blom JD, Hoek HW, Sommer IEC. Should we expand the toolbox 
of psychiatric treatment methods to include Repetitive Transcranial Magnetic 
Stimulation (rTMS)? A meta-analysis of the efficacy of rTMS in psychiatric disorders. 
J Clin Psychiatry. 2010;71(7):873-884. doi:10.4088/JCP.08m04872gre.

5.  He H, Lu J, Yang L, et al. Repetitive transcranial magnetic stimulation for treating the 
symptoms of schizophrenia: A PRISMA compliant meta-analysis. Clin Neurophysiol. 
2017;128(5):716-724. doi:10.1016/j.clinph.2017.02.007.

6.  Slotema CW, Blom JD, van Lutterveld R, Hoek HW, Sommer IEC. Review of the 
efficacy of transcranial magnetic stimulation for auditory verbal hallucinations. Biol 
Psychiatry. 2014;76(2):101-110. doi:10.1016/j.biopsych.2013.09.038.

7.  Sommer IE, Aleman A, Slotema CW, Schutter DJLG. Transcranial Stimulation 
for Psychosis: The Relationship Between Effect Size and Published Findings. Am J 
Psychiatry. 2012;169(11):1211-1211. doi:10.1176/appi.ajp.2012.12060741.

8.  Nathou C, Simon G, Dollfus S, Etard O. Cortical Anatomical Variations and Efficacy 
of rTMS in the Treatment of Auditory  Hallucinations. Brain Stimul. 2015;8(6):1162-
1167. doi:10.1016/j.brs.2015.06.002.

9.  Chakos M, Lieberman J, Hoffman E, Bradford D, Sheitman B. Effectiveness of second-
generation antipsychotics in patients with treatment-resistant schizophrenia: a review 
and meta-analysis of randomized trials. Am J Psychiatry. 2001;158(4):518-526. 
doi:10.1176/appi.ajp.158.4.518.

10.  Klirova M, Horacek J, Novak T, et al. Individualized rTMS neuronavigated according 
to regional brain metabolism (18FGD PET) has better treatment effects on auditory 
hallucinations than standard positioning of rTMS: a double-blind, sham-controlled 
study. Eur Arch Psychiatry Clin Neurosci. 2013;263(6):475-484. doi:10.1007/
s00406-012-0368-x.

11.  Blumberger DM, Christensen BK, Zipursky RB, et al. MRI-targeted repetitive 
transcranial magnetic stimulation of Heschl’s gyrus for refractory auditory 
hallucinations. Brain Stimul. 2012;5(4):577-585. doi:10.1016/j.brs.2011.12.002.

12.  Bose A, Shivakumar V, Agarwal SM, et al. Efficacy of fronto-temporal transcranial direct 
current stimulation for refractory auditory verbal hallucinations in schizophrenia: A 
randomized, double-blind, sham-controlled study. Schizophr Res. September 2017. 
doi:10.1016/j.schres.2017.08.047.



138 | Chapter 8

13.  Mondino M, Jardri R, Suaud-Chagny M-F, Saoud M, Poulet E, Brunelin J. Effects 
of Fronto-Temporal Transcranial Direct Current Stimulation on Auditory Verbal 
Hallucinations and Resting-State Functional Connectivity of the Left Temporo-
Parietal Junction in Patients With Schizophrenia. Schizophr Bull. 2016;42(2):318-326. 
doi:10.1093/schbul/sbv114.

14.  Montagne-Larmurier A, Etard O, Razafimandimby A, Morello R, Dollfus S. Two-
day treatment of auditory hallucinations by high frequency rTMS guided by cerebral 
imaging: a 6 month follow-up pilot study. Schizophr Res. 2009;113(1):77-83. 
doi:10.1016/j.schres.2009.05.006.

15.  Briend F, Leroux E, Delcroix N, Razafimandimby A, Etard O, Dollfus S. Impact of rTMS 
on functional connectivity within the language network in schizophrenia patients with 
auditory hallucinations. Schizophrenia Research. Published Online: February 8, 2016. 
doi: 10.1016/j.schres.2017.01.049

16.  Poulet E, Brunelin J, Bediou B, et al. Slow transcranial magnetic stimulation can 
rapidly reduce resistant auditory hallucinations in schizophrenia. Biol Psychiatry. 
2005;57(2):188-191. doi:10.1016/j.biopsych.2004.10.007.

17.  Chibbaro G, Daniele M, Alagona G, et al. Repetitive transcranial magnetic stimulation 
in schizophrenic patients reporting auditory hallucinations. Neurosci Lett. 2005;383(1-
2):54-57. doi:10.1016/j.neulet.2005.03.052.

18.  Brunelin J, Poulet E, Bediou B, et al. Low frequency repetitive transcranial magnetic 
stimulation improves source monitoring deficit in hallucinating patients with 
schizophrenia. Schizophr Res. 2006;81(1):41-45. doi:10.1016/j.schres.2005.10.009.

19.  Brunelin J, Mondino M, Gassab L, et al. Examining transcranial direct-current 
stimulation (tDCS) as a treatment for hallucinations in schizophrenia. Am J Psychiatry. 
2012;169(7):719-724. doi:10.1176/appi.ajp.2012.11071091.

20.  Dollfus S, Jaafari N, Guillin O, et al. High-Frequency Neuronavigated rTMS in Auditory 
Verbal Hallucinations: A Pilot Double-Blind Controlled Study in Patients With 
Schizophrenia. Schizophr Bull. Published Online: September 28, 2017. doi:10.1093/
schbul/sbx127.

21.  Mondino M, Haesebaert F, Poulet E, Suaud-Chagny M-F, Brunelin J. Fronto-temporal 
transcranial Direct Current Stimulation (tDCS) reduces source-monitoring deficits 
and auditory hallucinations in patients with schizophrenia. Schizophr Res. 2015;161(2-
3):515-516. doi:10.1016/j.schres.2014.10.054.

22.  Hoffman RE, Gueorguieva R, Hawkins K a, et al. Temporoparietal transcranial magnetic 
stimulation for auditory hallucinations: safety, efficacy and moderators in a fifty patient 
sample. Biol Psychiatry. 2005;58(2):97-104. doi:10.1016/j.biopsych.2005.03.041.

23.  Hoffman RE, Hampson M, Wu K, et al. Probing the Pathophysiology of Auditory/
Verbal Hallucinations by Combining Functional Magnetic Resonance Imaging 
and Transcranial Magnetic Stimulation. Cereb Cortex. 2007;17(11):2733-2743. 
doi:10.1093/cercor/bhl183.

24.  Lee S-H, Kim W, Chung Y-C, et al. A double blind study showing that two weeks of 
daily repetitive TMS over the left or right temporoparietal cortex reduces symptoms 
in patients with schizophrenia who are having treatment-refractory auditory 
hallucinations. Neurosci Lett. 2005;376(3):177-181. doi:10.1016/j.neulet.2004.11.048.



8

Summary and general discussion | 139

25.  Jandl M, Steyer J, Weber M, et al. Treating auditory hallucinations by transcranial 
magnetic stimulation: a randomized controlled cross-over trial. Neuropsychobiology. 
2006;53(2):63-69. doi:10.1159/000091721.

26.  Agarwal SM, Bose A, Shivakumar V, et al. Impact of antipsychotic medication on 
transcranial direct current stimulation (tDCS) effects in schizophrenia patients. 
Psychiatry Res. 2016;235:97-103. doi:10.1016/j.psychres.2015.11.042.

27.  McLaren ME, Nissim NR, Woods AJ. The effects of medication use in transcranial 
direct current stimulation: A brief review. Brain Stimul. 2017;0(0). doi:10.1016/j.
brs.2017.10.006.

28.  Ridding MC, Ziemann U. Determinants of the induction of cortical plasticity by non-
invasive brain stimulation in healthy subjects. J Physiol. 2010;588(13):2291-2304. 
doi:10.1113/jphysiol.2010.190314.

29.  Ridding MC, Rothwell JC. Is there a future for therapeutic use of transcranial magnetic 
stimulation? Nat Rev Neurosci. 2007;8(7):559-567. doi:10.1038/nrn2169.

30.  Lefaucheur J-P, Antal A, Ayache SS, et al. Evidence-based guidelines on the 
therapeutic use of transcranial direct current stimulation (tDCS). Clin Neurophysiol. 
2017;128(1):56-92. doi:10.1016/j.clinph.2016.10.087.

31.  Castrén E. Neuronal Network Plasticity and Recovery From Depression. JAMA 
Psychiatry. 2013;70(9):983. doi:10.1001/jamapsychiatry.2013.1.

32.  Murray RM, Bhavsar V, Tripoli G, Howes O. 30 Years on: How the Neurodevelopmental 
Hypothesis of Schizophrenia Morphed Into the Developmental Risk Factor Model of 
Psychosis. Schizophr Bull. 2017;43(6):1190-1196. doi:10.1093/schbul/sbx121.

33.  Nitsche MA, Lampe C, Antal A, et al. Dopaminergic modulation of long-lasting direct 
current-induced cortical excitability changes in the human motor cortex. Eur J 
Neurosci. 2006;23(6):1651-1657. doi:10.1111/j.1460-9568.2006.04676.x.

34.  Mandija S, Petrov PI, Neggers SFW, Luijten PR, van den Berg CAT. MR-based 
measurements and simulations of the magnetic field created by a realistic transcranial 
magnetic stimulation (TMS) coil and stimulator. NMR Biomed. 2016;29(11):1590-
1600. doi:10.1002/nbm.3618.

35.  Hernandez-Garcia L, Bhatia V, Prem-Kumar K, Ulfarsson M. Magnetic resonance 
imaging of time-varying magnetic fields from therapeutic devices. NMR Biomed. 
2013;26(6):718-724. doi:10.1002/nbm.2919.

36.  Bohning DE, Pecheny AP, Epstein CM, et al. Mapping transcranial magnetic stimulation 
(TMS) fields in vivo with MRI. Neuroreport. 1997;8(11):2535-2538. 

37.  Horvath JC, Forte JD, Carter O. Evidence that transcranial direct current stimulation 
(tDCS) generates little-to-no reliable neurophysiologic effect beyond MEP amplitude 
modulation in healthy human subjects: A systematic review. Neuropsychologia. 
2015;66:213-236. doi:10.1016/j.neuropsychologia.2014.11.021.

38.  Antal A, Keeser D, Padberg F. Conceptual and Procedural Shortcomings of the 
Systematic Review “ Evidence That Transcranial Direct Current Stimulation ( tDCS 
) Generates Little-to-no Reliable Neurophysiologic Effect Beyond MEP Amplitude 
Modulation in Healthy Human Subjects: A Systematic Review” by Horvath and Co-
workers. Brain Stimul. 2015;8(4):27-31. doi:10.1016/j.brs.2015.05.010.



140 | Chapter 8

39.  Chrysikou EG, Berryhill ME, Bikson M, Coslett HB. Editorial: Revisiting the 
Effectiveness of Transcranial Direct Current Brain Stimulation for Cognition: Evidence, 
Challenges, and Open Questions. Front Hum Neurosci. 2017;11:448. doi:10.3389/
fnhum.2017.00448.

40.  Kronberg G, Bridi M, Abel T, Bikson M, Parra LC. Direct Current Stimulation Modulates 
LTP and LTD: Activity Dependence and Dendritic Effects. Brain Stimul. 2017;10(1):51-
58. doi:10.1016/j.brs.2016.10.001.

41.  Rohan JG, Carhuatanta KA, McInturf SM, Miklasevich MK, Jankord R. Modulating 
Hippocampal Plasticity with In Vivo Brain Stimulation. J Neurosci. 2015;35(37):12824-
12832. doi:10.1523/jneurosci.2376-15.2015.

42.  Underwood E. Cadaver study challenges brain stimulation methods. Science. 
2016;352(6284):397. doi:10.1126/science.352.6284.397. 

43.  Opitz A, Falchier A, Linn GS, Milham MP, Schroeder CE. Limitations of ex vivo 
measurements for in vivo neuroscience. Proc Natl Acad Sci U S A. 2017;114(20):5243-
5246. doi:10.1073/pnas.1617024114.

44.  Almeida J, Martins AR, Bergström F, et al. Polarity-specific transcranial direct current 
stimulation effects on object-selective neural responses in the inferior parietal lobe. 
Cortex. 2017;94:176-181. doi:10.1016/j.cortex.2017.07.001.

45.  Arumugham SS, Thirthalli J, Andrade C. Efficacy and safety of combining clozapine 
with electrical or magnetic brain stimulation in treatment-refractory schizophrenia. 
Expert Rev Clin Pharmacol. 2016;9(9):1245-1252. doi:10.1080/17512433.2016.12009
71.

46.  Lefaucheur J-P, André-Obadia N, Antal A, et al. Evidence-based guidelines on 
the therapeutic use of repetitive transcranial magnetic stimulation (rTMS). Clin 
Neurophysiol. 2014;125(11):2150-2206. doi:10.1016/j.clinph.2014.05.021.

47.  Fregni F, Marcolin MA, Myczkowski M, et al. Predictors of antidepressant response 
in clinical trials of transcranial magnetic stimulation. Int J Neuropsychopharmacol. 
2006;9(6):641-654. doi:10.1017/S1461145705006280.

48.  de Weijer AD, Sommer IEC, Lotte Meijering A, et al. High frequency rTMS; a 
more effective treatment for auditory verbal hallucinations? Psychiatry Res. 
2014;224(3):204-210. doi:10.1016/j.pscychresns.2014.10.007.





Chapter9

Nederlandse Samenvatting



Chapter9

Nederlandse Samenvatting





9

Nederlandse Samenvatting | 145

Verlichting van de stemmen: Niet-invasieve hersenstimulatie als 
behandeling van hallucinaties
Auditieve hallucinaties komen voor bij vele psychiatrische en neurologische 
aandoeningen. Ook een minderheid van verder gezonde mensen ervaart ze 
frequent.  Deze hallucinaties worden het meest geassocieerd met psychotische 
stoornissen zoals schizofrenie, wat niet vreemd is: zo’n 60 tot 70% van de 
patiënten met een schizofrenie spectrum stoornis ervaart dergelijke hallucinaties. 
Hallucinaties binnen psychotische stoornissen, veelal stemmen, zijn meestal 
zeer negatief qua inhoud. Deze stemmen uiten vaak persoonlijke beledigingen, 
bedreigingen, kritiek en bevelen. De stemmen kunnen aanzetten tot geweld en/of 
het doen van zelfmoordpogingen. Het ervaren van auditieve hallucinaties leidt om 
die reden dan ook tot een sterke afname van de levenskwaliteit. 
Bij ongeveer 75% van deze patiënten is behandeling met anti-psychotische 
medicatie voldoende om de hallucinaties te doen verdwijnen of tot een acceptabel 
niveau te laten afnemen. Echter, bij de overige 25% van de patiënten werkt deze 
medicatie niet. Voor deze patiënten zijn er weinig andere opties die de hallucinaties 
daadwerkelijk kan doen afnemen of verdwijnen. De hallucinaties blijven dan een 
belangrijk en zeer storend onderdeel van hun dagelijks leven. Om die reden is het 
van groot belang dat er wordt gezocht naar behandelingsstrategieën die in staat 
zijn de hallucinaties te verminderen.
Recente vooruitgang in onderzoek met beeldvormende technieken zoals positron 
emissie tomografie (PET) en functionele kernspintomografie (fMRI) laat zien 
dat bepaalde breinnetwerken gerelateerd kunnen worden aan het ervaren van 
auditieve hallucinaties. Meer specifiek werd er een link gelegd tussen auditieve 
hallucinaties en afwijkende hersenactiviteit in verscheidene taalgerelateerde 
gebieden in het brein. Dergelijke bevindingen bieden een aanknopingspunt 
voor nieuwe behandelingsmogelijkheden, namelijk technieken die beogen deze 
afwijkende hersenactiviteit te normaliseren.
Non-invasieve brein stimulatie zoals transcraniële magnetische stimulatie (TMS) 
en transcraniële gelijkstroom stimulatie (tDCS) zijn erop gericht om delen van 
het brein te activeren dan wel inhiberen. Bij TMS wordt er gebruik gemaakt van 
een spoel waar een kortdurende elektrische stroom doorheen loopt, waardoor een 
magnetisch veld wordt gegenereerd. Als men deze spoel tegen het hoofd van een 
persoon zet, produceert het snelwisselend magnetisch veld een elektrische stroom 
in het brein zonder dat daarbij de schedel opengemaakt hoeft te worden.  Dit 
veroorzaakt op zijn beurt een lokale polarisatie of depolarisatie van de onderliggende 
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neuronen, en leidt daarmee tot excitatie of inhibitie van het lokale neuronale 
weefsel. Dat kan verschillende effecten hebben, afhankelijk van de precieze locatie 
die wordt gestimuleerd, de vorm van de puls en de frequentie van stimulatie 
die wordt gebruikt. Een bekend voorbeeld is dat men zichtbare onvrijwillige 
vingerbewegingen kan veroorzaken door de primaire motorische schors (M1) te 
stimuleren. Ook kan de mogelijkheid tot spreken tijdelijk stopgezet worden door 
de linker inferieure frontaalgyrus met hoge frequentie te stimuleren. Alhoewel 
een enkele TMS puls slechts een zeer kortdurend effect heeft, kan de toepassing 
van meerdere TMS pulsen achter elkaar langdurige effecten bewerkstelligen. Dit 
noemt men repetitieve TMS (rTMS), waarmee lange termijn depressie (LTD) of 
lange termijn potentiëring (LTP) in het brein kan worden bereikt.
tDCS is een andere techniek om het brein op non-invasieve wijze te stimuleren. 
Of eigenlijk is moduleren een betere term, aangezien deze techniek niet leidt tot 
actiepotentialen maar invloed kan uitoefenen op de mate van spontaan vuren van 
neuronen in rust.  Bij deze methode worden twee elektroden op de hoofdhuid 
geplaatst; een positief geladen elektrode (de anode) en een negatief geladen 
elektrode (de kathode). Tussen deze elektroden loopt een gelijkstroom met een 
sterkte van 1 tot 3 mA. Het exacte mechanisme van deze gelijkstroom op het brein 
is nog niet geheel duidelijk, maar het idee is dat de effecten ervan afhankelijk zijn 
van de polariteit. Het lokale neuronale weefsel onder de anode zou gestimuleerd 
worden, terwijl dat onder de kathode afgeremd wordt. In theorie zou dit kunnen 
leiden tot LTP- en LTD-achtige effecten op het brein, die langer durende effecten 
van de stimulatie veroorzaken. Belangrijk is dat dit mechanisme nog niet geheel 
bewezen is, en dat voortschrijdend inzicht doet vermoeden dat de wijze van 
modulatie nog een stuk complexer ligt dan bovenstaand omschreven. Ook zijn de 
meeste effecten gevonden in studies met dieren, maar directe bewijzen van effect 
in een levend menselijk brein bestaan nog niet.
Deze twee methoden zijn geïntroduceerd als mogelijke behandeling voor auditieve 
hallucinaties, omdat ze de mogelijkheid zouden hebben om taalgebieden in het 
brein die afwijkend zijn bevonden tijdens het ervaren van auditieve hallucinaties 
te. In het bijzonder heeft veel focus gelegen op pogingen om activiteit in het 
linker temporopariëtaal gebied te verminderen, ook wel het gebied van Wernicke 
genoemd, wat in theorie zou kunnen leiden tot vermindering van de stemmen. 
Zowel voor rTMS als tDCS geldt dat enkele initiële bevindingen veelbelovend 
waren. In het geval van rTMS werden in de loop der jaren wisselende resultaten 
behaald voor auditieve hallucinaties. In het geval van tDCS zijn er slechts enkele 
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RCT’s met wisselende resultaten, in bovendien erg kleine populaties. Sluitend 
bewijs dat deze behandelingen effectief zijn voor auditieve hallucinaties is er 
vooralsnog niet. 

Doel van dit proefschrift
De studies die zijn beschreven in dit proefschrift hebben tot doel te onderzoeken 
of rTMS en tDCS effectieve behandelingen zijn voor in de eerste plaats auditieve 
hallucinaties en visuele hallucinaties, maar ook voor overige symptomen behorend 
bij psychotische stoornissen zoals negatieve symptomen van schizofrenie en 
verminderd cognitief functioneren.

Theta burst TMS tegen auditieve hallucinaties
Eerdere studies keken veelal naar lage frequentie (1-Hz) rTMS als behandeling 
voor auditieve hallucinaties. Echter er verschenen aanwijzingen dat een nieuw 
protocol effectiever zou zijn; theta burst rTMS, waarbij rTMS wordt gegeven in 
groepjes van drievoudige pulsen op een frequentie van 50 Hz. Als dit in continue 
vorm wordt aangeboden, zou het effect hiervan remmend zijn op het onderliggende 
hersenweefsel. In hoofdstuk 2 keken we naar het effect van dit protocol op 
auditieve hallucinaties in een gerandomiseerde dubbelblinde studie in een groep 
van 71 participanten, waarbij continue theta burst rTMS gericht werd op het linker 
temporopariëtaal gebied. We vonden een gemiddelde afname in de ernst van de 
hallucinaties na behandeling, al  bleek dit voor beide behandelgroepen (actief en 
placebo) het geval. Helaas vonden we geen evidentie voor de effectiviteit van deze 
methode als behandeling voor auditieve hallucinaties vergeleken met placebo 
behandeling. 

Direct effect van 1-Hz rTMS op auditieve hallucinaties en EEG
Aangezien de meeste studies vooralsnog keken naar het effect van rTMS na meerdere 
behandelingen, was het doel in hoofdstuk 3 om te bepalen of er een direct 
effect was van een enkele 1-Hz rTMS behandeling op auditieve hallucinaties. De 
behandeling werd gericht op twee locaties in het brein: het linker temporopariëtaal 
gebied en de rechter homoloog daarvan. De effecten op de symptomen werden 
direct na elke behandeling gemeten. Aangezien dit een cross-over studie was, 
waarbij elke participant elke behandelingsconditie 1 maal onderging, zouden zij 
het verschil tussen actieve behandeling en placebo behandeling kunnen voelen 



148 | Chapter 9

als er gebruikt werd gemaakt van een placebo-spoel. Daarom werd gekozen voor 
een controle locatie voor actieve rTMS, namelijk de occipitale kwab. Daarnaast 
werd elektro-encefalografie (EEG) voor en na behandeling gemeten, om neuronale 
effecten van rTMS te onderzoeken. Vergeleken met de controle locatie vonden 
we voor geen van de twee locaties een direct effect op auditieve hallucinaties. 
Veranderingen in neuronale activiteit zoals gemeten met EEG hielden geen 
verband met veranderingen in de ernst van de hallucinaties. Ook was er geen 
verschil tussen de stimulatie-locaties in veranderingen in EEG-gerelateerde power 
of connectiviteitsmaten.

Voorspellers van rTMS effect
Alhoewel de studies in de vorige twee hoofdstukken geen bewijs vonden dat 
rTMS beter was dan placebo behandeling of een controle locatie als behandeling 
voor hallucinaties, was het opvallend dat beide studies resulteerden in enkele 
patiënten die bijzonder goed reageerden op de behandeling. Dit was ook bij 
andere studies opgevallen, niet alleen bij studies naar hallucinaties maar ook 
bij studies die de behandeling onderzochten in depressie. Onderzoekers die zich 
richten op de behandeling van depressie hadden enkele eigenschappen gevonden 
die voorspellend werkten voor het wel of niet reageren op de behandeling, 
zoals bijvoorbeeld het hebben van een lagere leeftijd. Om te testen of dergelijke 
karakteristieken ook gerelateerd konden worden aan verbetering van auditieve 
hallucinaties na rTMS, combineerden we in hoofdstuk 4 data van meerdere 
studies die rTMS hadden onderzocht als behandeling voor auditieve hallucinaties. 
We vonden dat van het vrouwelijk geslacht zijn en een lagere leeftijd hebben 
voorspellers waren van een sterkere verbetering van auditieve hallucinaties na 
rTMS. Specifiek de bevinding dat een lagere leeftijd gerelateerd is aan sterkere 
verbetering is erg waardevol, aangezien de patiënten die zijn geïncludeerd in 
rTMS studies naar auditieve hallucinaties  veelal van middelbare leeftijd zijn. De 
implicatie van deze bevinding is dat meer voordeel behaald kan worden als rTMS 
eerder in het behandelingsprotocol wordt aangeboden, als patiënten jonger zijn.

tDCS als behandeling voor auditieve hallucinaties
In hoofdstuk 5 gaat het proefschrift verder in op tDCS, door het bieden van een 
overzicht van de techniek en het gebruik ervan als behandelingsmethode voor 
auditieve hallucinaties en de voordelen daarvan ten opzichte van rTMS. Verder 
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biedt dit hoofdstuk richtlijnen voor toekomstig onderzoek. Een belangrijke 
conclusie uit dit hoofdstuk is dat alle bestaande gerandomiseerde placebo-
gecontroleerde studies in het veld hele kleine populaties hadden geïncludeerd. De 
effectiviteit van deze behandeling moet nog bevestigd worden door studies met een 
grotere steekproef.
Zo’n grotere gerandomiseerde dubbelblinde studie is vervolgens beschreven 
in hoofdstuk 6. Hierin werden 10 sessies van 20 minuten durende tDCS 
behandelingen met een sterkte van 2 mA of placebo behandeling aangeboden 
aan een groep van 54 patiënten die last hadden van auditieve hallucinaties. Ten 
tijde was dat de grootste steekproef in dit onderzoeksveld. Bij deze behandeling 
werd cathodale stimulatie gericht op de linker temporoparietaalkwab, waar de 
verwachting was dat het remmende effect zou leiden tot een vermindering van de 
hallucinaties. Gelijktijdig werd anodale stimulatie gericht op de linkter dorsolaterale 
prefrontaalkwab, wat zou kunnen leiden tot verbetering van negatieve symptomen 
en cognitief functioneren. Alhoewel we vonden dat de auditieve hallucinaties in 
ernst afnamen na een week behandeling, de hoofdbevinding van deze studie was 
dat deze behandeling niet beter was dan placebo behandeling. Beide groepen lieten 
gelijkwaardige verbetering zien na een week behandeling. 

tDCS als behandeling tegen visuele hallucinaties
Als laatste namen we een zijweggetje in dit proefschrift, door in hoofdstuk 7 
te kijken naar het effect van tDCS op visuele hallucinaties. We beschreven hier 
een N=1 studie met een patiënt die bizarre visuele hallucinaties ervaarde. Deze 
patiënt kreeg 10 sessies van 2 mA tDCS, waarbij we de anode richtten op de linker 
dorsolaterale prefrontale cortex en de kathode op de occipitale kwab. Na een week 
behandeling ervaarde zij de visuele hallucinaties minder frequent, en bovendien 
was de meest indringende vorm van haar visuele hallucinaties geheel verdwenen. 
Een andere interessante bevinding in deze studie was dat verlenging van het 
behandelingsprotocol met nog een week tDCS niet leidde tot verdere verbetering 
in de visuele hallucinaties. Dit impliceert dat het initiële protocol van 10 sessies 
binnen 1 week tijd voldoende is voor maximaal effect.

Conclusie
De onderzoeken die zijn beschreven in dit proefschrift vonden geen evidentie 
voor de effectiviteit van rTMS en tDCS op behandelingsresistente auditieve 
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hallucinaties in vergelijking tot placebo behandeling. Voor beide methoden geldt 
dat de resultaten tot nu toe sterk wisselen. Meta analyses geven matige maar 
positieve effectgroottes aan voor rTMS, maar (nog) niet voor tDCS. Toekomstige 
studies zullen zich moeten richten op het verhelderen van de neurobiologische 
mechanismen die ten grondslag liggen aan non-invasieve breinstimulatie 
methoden, op basis waarvan de behandelingsparameters en de methoden voor 
het correct richten van de behandelingen kunnen worden aangepast. Bovendien 
vonden we dat het hebben van een lagere leeftijd en van het vrouwelijk geslacht 
zijn voorspellers waren van een positieve respons op rTMS. Toekomstig werk zou 
zich kunnen richten op het identificeren van meer karakteristieken die kunnen 
helpen voorspellen bij wie non-invasieve breinstimulatie een hogere kans heeft 
op succes. In zijn totaliteit vragen de resultaten in de huidige thesis om nieuwe 
strategieën voor het gebruik van non-invasieve breinstimulatie voor hallucinaties.
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“It’s dangerous to go alone! Take this.”
– The Legend of Zelda

Het zit erop, het proefschrift is af! Maar we zijn nog niet helemaal klaar. Want nu 
is  het moment om stil te staan bij de vele mensen zonder wie de totstandkoming 
van dit proefschrift nooit mogelijk was geweest. Om het linkje te leggen met 
bovenstaande quote; jullie zijn als het ware mijn wapens en metgezellen geweest 
in deze academische bossfight. Hier dan eindelijk het dankwoord, waar een aantal 
van jullie waarschijnlijk stiekem als eerste naartoe heeft gebladerd.

Allereerst wil ik grote dank uitspreken naar mijn promotoren en co-promotor 
Prof. Iris Sommer, Prof. Jan Dirk Blom en Dr. Bas Neggers. Allereerst 
Iris; ik leerde al snel om bij jou altijd pen en papier bij de hand te hebben. Wat 
heb je een prachtige en oneindige stroom ideeën. Ik heb enorme bewondering 
voor je gedrevenheid en hoe je anderen daar keer op keer enthousiast mee weet te 
maken. Je hebt me altijd de ruimte gegeven om mezelf te ontwikkelen en datgene 
te doen waar ik blij van werd. Dankjewel voor alle inspiratie, je vertrouwen en 
de vrijheid die je me in het hele proces hebt gegeven. Jan Dirk, wat ben ik blij 
dat je aan boord kwam als tweede promotor, met een grote en waardevolle portie 
enthousiasme en creativiteit. Naast een bewonderenswaardig wetenschapper ben 
je bovendien bijzonder vriendelijk en betrokken. Dank voor je snelle nakijkwerk, de 
prachtige tekst edits en de vele complimenten. Bas, wat bezit je een engelengeduld 
om me keer op keer de meest complexe technische achtergronden en biofysica uit 
te leggen. Dank voor je vele wijze lessen, je onophoudelijke vertrouwen dat ik het 
allemaal best wel kan, en alle leuke en inspirerende gesprekken. 

Mijn dank gaat ook uit naar de leden van de leescommissie en tevens opponenten 
tijdens de openbare verdediging. Prof. Jack van Honk, Prof. Andre Aleman, 
Prof. Hilleke Hulshoff-Pol, Prof. Leon Kenemans en Prof. Sarah 
Durston, bedankt voor jullie vriendelijke ontvangst van dit proefschrift en de tijd 
die jullie erin hebben gestoken om het te beoordelen.

Op een zeer belangrijke plaats staan voor mij alle patiënten die aan deze studies 
hebben deelgenomen. Wat heb ik voor jullie enorm respect. Dank voor jullie 
openheid, vertrouwen en inzet. 
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Een proefschrift schrijven op de psychiatrie-afdeling van het UMC Utrecht betekent 
niet alleen jaren zwoegen, je krijgt er ook de leukste collega’s van de wereld voor 
terug, in de vorm van de matties. Koffie, thee, chocola, taart, krokettenlunches, 
verjaardagsfeestjes, spelletjesavonden, Zandvoortfeestjes (oké sorry jongens, 
die ChinChin had ik na twee keer wel gezien), zonnen in Florence, borrels, ski-
avonturen (virus-alert!)….. met jullie waren het een paar prachtige jaren! En 
wetenschap deden we ook wel eens iets mee.
Marieke, allereerst roomies in het schattige Hotel Guelfa tijdens SIRS 2012 en 
inmiddels al jarenlang UMCU kamergenootjes. Vele jaren van gezelligheid, met 
zorg gemaakte latte macchiato’s, levensverhalen, flauwe grappen en non-stop 
kerstmuziek vanaf 6 december. Van netwerken op congressen tot het omarmen 
van ‘die anderen doen ook maar wat’; je hebt me ontzettend veel geleerd. Je relaxte 
kijk op het leven is een verademing. En naast een gedreven carrieretijger ben je 
vooral ook een enorme lieverd die altijd vooraan staat om een ander te helpen. 
Dankjewel dat je mijn paranimf wil zijn. Maya; we waren al kamergenootjes op 
de spectrumkamer, dus wat was het geweldig dat je na je UK-avontuur wederom 
roomie werd! Naast je memorabele dansjes en zangkunsten, bracht je veel warmte 
en gekkigheid op de kamer. En niet alleen in de vorm van droge sokken (met 
hartjes nog wel!), maar ook in je alledaagse betrokkenheid. Je bent een zorgzame 
kamergenoot en ook een ijzersterke en dynamische onderzoeker. Ik koester onze 
productieve kamerdagen van geconcentreerde focus en gezellige stilte. Dankjewel 
dat ook jij mijn paranimf wil zijn!
Mascha, übermattie, wat bracht jij een leven in de brouwerij. Met jou is het altijd 
lachen! Je intelligentie en kennis in combinatie met je eindeloze enthousiasme 
doen mij telkens weer versteld staan. Daarnaast weet je de meest welgemeende 
complimenten op exact de juiste momenten te plaatsen, dankjewel daarvoor. 
Meenakshi, ik vind je een krachtpatser met een prachtig gevoel voor humor. Dank 
voor al je EEG-hulp, de vele keren dat ik je Macbook-lader mocht lenen, de mooie 
wijnfles-selfies en je spectaculaire lessen in onderhandelen! Jantina, je was al een 
geweldige stagiaire en nu coördineren we samen de Simvastatinestudie. Je wist 
zeeën van ruimte voor me te creëren waardoor ik dit proefschrift kon afschrijven 
de afgelopen weken, veel dank daarvoor. Lieve Sophie, een kopje thee en een 
luisterend oor voor iedereen die daar behoefte aan heeft en heel veel in je mars 
zonder daarmee te koop te lopen. Jij kan die GZ-opleiding op je sokken. Ik vond het 
gezellig om samen met je te puzzelen aan de kosteneffectiviteitsanalyse! Janna, 
hoe kun je nou zo’n rustig en bruisend persoon tegelijkertijd zijn! Dank voor de 
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leuke samenwerking, de sterke overwegingen en je vele initiatieven. Jacqueline, 
je begon als stagiair bij de TB-TMS studie, zo leuk dat je nu bij ons team hoort als 
studie-arts!

De (ex)mannen van het team; Marc en Edwin, wat hebben jullie je goed staande 
gehouden tussen al die vrouwen. Dank voor alle statistische en technische hulp! 
Alban, je bent zonder twijfel een geweldige aanwinst voor guild Matties. Dank 
voor je excel-hulp! Hidde, dank voor je dagelijkse vrolijke noot, evenals de hulp 
als studie-arts bij de simvastatinestudie. 

Meiden van de bipo studie: Sanne aka Sverk,  wat was het een verademing toen 
jij de spectrumkamer binnenstapte, die eerste zomer in het UMCU. Ook de jaren 
daarop bleef het geweldig leuk met jou, altijd wat te beleven en nooit uitgepraat. 
We zijn immer (redelijk) sterk gebleven tegen de PC-zombie. Ik hoop je nog menig 
spelletjesavond, feestavondje of welkedagdanook-middagborrel te blijven zien.  
Lucija, jouw doorzettingsvermogen en altijd nuchtere insteek is bewonderings-
waardig, ik zie uit naar jouw welverdiende PhD-feest! Annabel, leuk dat je af en 
toe weer komt buurten, want jouw aanstekelijke lach werd op de onderzoeksgang 
flink gemist. Ik vond onze Florence-dagen samen met Maya enorm gezellig en ik ga 
je tips voor de verdediging absoluut gebruiken, want die van jou was klasse.
Margot, het was heerlijk om de tDCS met een gerust hart bij jou te kunnen 
achterlaten, inmiddels alweer drie jaar geleden. Ook van je werk bij de Simvastatine 
studie is zichtbaar dat jij alles perfect onder controle hebt. Daarnaast ben je ook 
nog eens een ontzettend lieve en gezellige collega. Leuk dat ik nu je opvolger mag 
zijn bij PRISM.  Kim, ik heb bewondering voor hoeveel ballen jij tegelijkertijd in 
de lucht kan houden. Ik vind het gezellig om parttime roomies te zijn!  Lyliana, 
van topstagiair bij UH naar topcollega, leuk dat dat voorlopig nog zo gaat blijven! 
Lotte, dank voor alle thee (die bloem, wauw!), Nespress0-advies, filmavondjes en 
foute boeken. Katy, thank you for the many laughs, David Sedaris and great veggie 
Indian recipe ideas. Pascal, je bent een awesome flowmanager! Dankjewel dat jij 
alles rondom het scannen zo onzettend makkelijk maakte.

The TMS-fMRI guys: Stefano, Petar and Jord; thanks for involving me in your 
complicated discussions together with Bas, although I could not always follow 
them. You are doing amazing science and your group spirit is awesome!
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Mede-onderzoekers en Zandvoort-/Summerscool-/ski-/congresgenootjes Martijn, 
Sonja, Bart, Judith, Remmelt, Branko, Chantal, Wendy, Marleen, 
Nikita, Caitlyn, Lieke, Annet, Thalia, Willemijn, Merel, Sanne Kuperus, 
Ilse, Priscilla, bedankt voor alle leuke tijden! 

Inge, we kennen elkaar eigenlijk al jaren en je hebt me meerdere gemalen 
geholpen met medisch-ethische regelgeving rondom medicatietrials. Nu mag ik 
bij 1 van je vele mooie projecten aan de slag. Ik kijk uit naar onze samenwerking! 
Nieuwe (en ook oude) collega’s van het Clinical Trial Center; Cynthia, Paula, 
Lyliana, Matthijs, Emma, Leonie, Elianne, Conrad en Erika, bedankt 
voor het warme welkom. Ik kijk ernaar uit om met jullie te gaan samenwerken!

Van het Parnassia team veel dank aan Ouarda, voor je coördinatie van de 
tDCS studie in Den Haag. Karin Slotema, voor de samenwerking aan de TMS 
predictoren studie en je supersnelle reacties en edits! Ook dank aan Leonie en 
Claire uit Groningen voor de leuke samenwerking en data-uitwisseling. Het 22q11 
team waar ik een tijd deel van uit mocht maken: Jacob, Sasja, Ania, Marjolein 
en Elemi, dank voor de gezellige en leerzame tijd bij die prachtige studie.

Rachel, dank voor de statistische hulp die je me meerdere malen hebt gegeven, 
evenals je hulp bij ENIGMA. Neeltje, voor je hulp bij de Controls en ENIGMA en 
die altijd brede glimlach in de wandelgangen. René, voor je hulp bij MRI analyses, 
ook al pasten de onderwerpen uiteindelijk niet zo in dit boekje, ik heb er veel aan 
gehad! Bob, je stond vele malen te hulp als er problemen waren met de EEG en 
draagt met je grote plantenverzameling ook nog eens bij aan de luchtkwaliteit op 
de afdeling. Ik hoop dat ze de week dat ik ze water moest geven enigszins hebben 
overleefd.
 
Metten, Lucy, en verpleegkundigen van A1, dank voor de hulp en het 
enthousiasme bij de tDCS en TMS studies.
Het oude spectrumteam, Remko, Kelly (LA met jou was super!), Kirstin, 
Willemijn, bedankt voor alle wijsheid en de data-ondersteuning – zelfs nadat jullie 
al weg waren. Ook veel dank aan alle secretariele en/of logistieke ondersteuning 
door Maria, Tania, Els, Nicolien, Mirjam, Tjen, Hannemieke, Janneke, 
Lena, Paula, Anouk en Marleen.
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Zonder de hulp van de vele stagiaires waren de projecten in dit proefschrift – 
en die daarbuiten – nooit tot stand gekomen. Annelieke, Annelot, Astrid, 
Bart, Chantal, Dominique, Eline, Evi, Elisa, Hester, Hilde T, Hilde vd 
B, Isabella, Jantine, Jennifer, Jolien, Joris, Lisa, Liz, Lotte, Martijn, 
Melissa, Mirte, Raisa, Renate, Romanée, Roos, Susanne, Suzanne, 
Tanja,Varsha, Wendy K, Willeke en Zorah, dank voor de leerzame en 
prettige samenwerking. Jullie zijn geweldig!

Ook buiten de werksfeer zijn er mensen aan wie ik veel steun (en afleiding) heb 
gehad tijdens dit traject. Jojanneke, 1 van mijn favoriete personen op deze aardbol. 
Wat ben ik blij dat ik jou zo’n 31 jaar geleden (ja echt, dat is even schrikken, hè?) 
tegen het lijf liep. Je bent wat langer geworden, en ook een tikkeltje wijzer, maar 
je bent in veel opzichten nog steeds die heerlijke spontane peuter van toen. Dank 
voor alle fantasie, je levenslust, de lachbuien met tranen, je nuchtere inzichten, 
en alle prinsessen, zeemeerminnen en barbies. Wat ben ik blij dat jij nog steeds in 
mijn leven bent.
Lieve snorgenootjes Marije, Ivo, Daphne, Stefan, Rudy (Bami), 
Renee, Constantijn (Bla), Wanouk en Eva, dank voor alle feesten, films, 
spelletjesavonden (poker en saboteuren!), Sinterklaas-surprises en pannenkoeken. 
We zijn een paar wilde haren verloren (behalve jij natuurlijk, Bla), maar ook in 
deze nieuwe levensfase blijven jullie een geweldige vriendengroep en een grote 
bron van steun en gezelligheid.
Allerliefste Liefjes, Eva K, Eva de J (Eef), Kiki, Esther, Rhona, Femke en 
Angelique, jullie zijn me onvoorstelbaar dierbaar. We delen inmiddels al jaren 
lief en leed, 300+ dagelijkse appjes (thanks for the cliff’s notes), alle wijsheid die 
we gezamenlijk in pacht hebben en ook aardig wat TMI. Wat ben ik blij dat jullie 
in mijn leven zijn gekomen.

Op mijn trouwdag kreeg ik er een geweldige schoonfamilie bij! Lieve Anjo en 
Yvonne, wat ben ik blij met jullie als schoonouders. Ik geniet van onze diepgaande 
gesprekken, de warmte, en de slimme humor. Ik hoop nog lang van jullie te mogen 
blijven leren.  Tiny en Bart, dank voor jullie interesse en lieve enthousiasme de 
afgelopen jaren. Schoonzussen en aangetrouwde zwagers; Hedi, Jurgen, Jessie, 
Marc en Lily, dank voor al jullie gezelligheid, betrokkenheid, de diepgang en de 
adviezen. Ook liefschoonzussen hoorden bij dit pakketje; Marlies (en Harm, 
natuurlijk!) en Rosalie; we zien elkaar niet heel vaak, en toch is het altijd direct 
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gezellig en vooral ook hilarisch met jullie erbij! Alle aangetrouwde neefjes en 
nichtjes Thomas, Jorieke, Lennart, Julot, Mees, Saar, Tessel, Teun en 
Emma, het is altijd feest met jullie!

Dan is mijn eigen familie aan de beurt!
Mama, Papa, dit proefschrift draag ik voor een goede reden aan jullie op. Jullie 
zijn altijd in me blijven geloven en zonder jullie oneindige hulp en vertrouwen had 
ik hier nu niet gestaan. Een betere basis had ik me niet kunnen wensen. Bij jullie 
voel ik me altijd welkom, altijd thuis, en altijd veilig. Ik hou heel veel van jullie.
Mijn ‘sussies’, wat is het geweldig om twee oudere zussen te hebben! Marjan, van 
jou heb ik zoveel geleerd! We waren vroeger 2 handen op 1 buik en ook nu kan 
ik nog altijd voor advies bij je terecht. Dank dat ik altijd welkom bij jou ben, ik 
heb warme herinneringen aan onze vele logeerpartijtjes. Mariska, wat ben jij een 
voorbeeld voor mij, als moeder, als mafketeltje, maar bovenal ook in levensvisie. 
Dank voor je warmte, je liefde, je hulp en je heerlijke en aanstekelijk vreugde in de 
allerkleinste dingen. Zwagers Eric en Wout, wat is het fijn om twee zulke lieve en 
humoristische ‘broers’ erbij te mogen hebben! 
Mijn lieve neven en nichten mogen ook niet ontbreken; Robin, Asli, Bas, 
Sharon, Siyenne, Yorben en Liam. Grotendeels al volwassen, en geen van 
jullie echt hele kleine kinderen meer. Jullie zijn zulke mooie mensen geworden, ik 
ben apetrots op jullie allemaal.

Mijn eigen kinderen: Benjamin en Elizabeth, jullie zijn het grootste geluk. 
Mooier dan jullie twee draakjes wordt de wereld wat mij betreft niet.

Het laatste stukje is voor jou, lieve Tony. Ruim 9 jaar geleden leerden we elkaar 
kennen in de Boothill Saloon. Die kroeg, die is niet meer. Maar wij gaan gewoon 
door met het feestje dat we daar zijn gestart. Ik vind het leven samen met jou een 
machtig mooi avontuur. Je staat altijd achter me, gunt me de wereld, en maakt me 
dagelijks aan het lachen. Ik ben trots dat jouw mooie werk op de omslag en aan de 
binnenkant van dit boekje prijkt. Wat kunnen wij samen een bergen verzetten (en 
ook heerlijk lui zijn). Dat het glazuur nog maar vaak van onze tanden mag springen 
terwijl we stofzuigermetal luisteren. Forget roses! Thanks for the Potato, baby.
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