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PART II: EMPIRICAL STUDIES 
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Chapter 4: Cognitive Basis of AVH 



 66 



 67 

4.1. 

Semantic expectations can induce false perceptions in hallucination-

prone subjects 

 

Ans Vercammen & André Aleman 

 

 

Department of Neuroscience, University Medical Center Groningen, The Netherlands 

& BCN NeuroImaging Center, University of Groningen, The Netherlands 

 

 

Schiz.Bull. 2008 Jun 17. [Epub ahead of print] 

 



 68 

ABSTRACT 

 

BACKGROUND. Recently, it has been proposed that exaggerated top-down 

processing may generate spontaneous perceptual output, and that this may 

constitute a cognitive predisposition towards hallucinations. In this experiment we 

investigated whether hallucination-proneness would be associated with increased 

auditory-verbal perceptual expectations, and at which processing level this occurs. 

METHODS. From 351 undergraduate students screened for hallucination-

proneness, using the Launay-Slade Hallucination Scale, 42 subjects were recruited for 

participation. Two word recognition tasks were administered, in which top-down 

influences on perception were manipulated through sentence context (“semantic 

task”) or auditory imagery (“phonological task”).  

RESULTS. Results revealed that LSHS scores were correlated with the number of 

semantically primed errors. Subjects with higher levels of hallucination proneness 

were more likely to report hearing a word that fit the sentence context, when it was 

not actually presented. This effect remained significant after controlling for general 

performance on the task. In contrast, hallucination proneness was not associated with 

phonologically primed errors. 

CONCLUSIONS. We conclude that aberrant top-down processing, particularly in 

the form of strong semantic expectations, may contribute to the experience of 

auditory-verbal hallucinations. 
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INTRODUCTION 

 

Auditory-verbal hallucinations (AVH) constitute a characteristic symptom in the 

schizophrenia spectrum. Up to 70% of patients report this experience at one point 

during the course of their illness.(Slade & Bentall, 1988) Although generally linked 

with psychiatric and neurological disorders, it is now acknowledged that during their 

lifetime, 5 to 15% of the general population may have the experience of hearing voices 

without an objective basis.(Tien, 1991; Johns et al., 2004) These experiences may, to 

an important degree, resemble the hallucinations observed in schizophrenia.(Barrett 

& Caylor, 1998) Indeed, a growing number of studies consider psychosis to be on a 

continuum with normal functioning.(Johns & van, 2001) A frequently applied 

questionnaire to measure these sub-clinical schizotypal characteristics is the Launay-

Slade Hallucination Scale (LSHS; Launay & Slade, 1981) Scores on the LSHS can be 

employed to identify hallucination proneness in subjects from a non-psychiatric 

population. The study of such subjects has the advantage that results are not 

confounded by the contribution of variables such as hospitalization, medication 

effects, illness duration, and cognitive deficits. Within the theoretical framework of 

the continuum hypothesis, the study of a sub-clinical sample can lead the way towards 

a putative cognitive mechanism underlying hallucination genesis in schizophrenia. 

Despite decades of psychological investigation, the cognitive mechanism 

responsible for the transformation of self-generated mental events into speech 

perceptions or hallucinations, remains unclear.(Aleman & Laroi, 2008) Recent 

theoretical accounts propose the possibility that AVH are due, not to pathologically 

enhanced mental imagery, but to an increased impact of such top-down influences on 

perception.(Aleman et al., 2003; Behrendt, 1998; Grossberg, 2000) Perception is not a 

passive process, but a reconstructive effort.(Kveraga et al., 2007) In bottom-up 

processing, information flows from the senses upward into the perceptual system in 

the brain. Top-down processing occurs concurrently, and has the capacity to reshape 

this incoming information. In top-down processing, internal models of the (acoustic) 

environment, i.e. prior knowledge of the properties and dependencies of the objects 

in this environment, are employed to interpret sensory information and generate 
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expectations. In the case of hallucinations, there may be a distorted balance between 

these bottom-up and top-down processing pathways, in such a way that a relatively 

higher priority is assigned to top-down factors in determining the final percept. 

(Behrendt, 1998; Grossberg, 2000) Indeed, it has been proposed that excessive top-

down processing, e.g. in the form of serial linguistic expectations, may lead to the 

generation of spontaneous perceptual experiences. (Hoffman et al., 1999) 

A form of top-down processing has been studied using the verbal transformation 

effect, which refers to the tendency to perceive illusory transformations of repeatedly 

presented words. For instance, subjects may report hearing ‘dress’ or ‘stress’ upon 

looped presentation of the word ‘tress’. The number of such reported transformations 

were found to be positively correlated with the disposition towards hallucinations in 

healthy subjects.(Bullen et al., 1987) Another study in schizophrenia patients with and 

without hallucinations, indicated that explicit suggestion may play a crucial role in the 

verbal transformation effect observed in hallucinating subjects.(Haddock et al., 1995)  

We designed two tasks in order to investigate, at a more automatic level of 

processing, whether increased influence from top-down factors in auditory-verbal 

perception would be related to hallucinatory predisposition in healthy individuals. 

Secondly, we sought to test at which level of processing this occurs, namely at the 

level of semantic processing, or the level of phonological processing. This question is 

important, as patients with schizophrenia (and healthy subjects with hallucinations 

alike) tend to hear meaningful messages and not random auditory stimuli. Thus, it 

could be hypothesized that semantic expectations play a role in priming hallucinatory 

perceptual experiences. The stimuli employed in both tasks are auditory-verbal, and 

thus bear upon the phenomenological experience of hallucinations, in contrast to 

previous research where preliminary evidence for increased top-down influences was 

observed using tone stimuli.(Aleman et al., 2003) 
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METHODS 

 

Subjects 

An abbreviated version of the LSHS (Laroi & Van der Linden, 2005b), using only 

those items tapping into hallucinatory experiences (items 4, 8, 9, 16), was used to 

screen 351 undergraduate students from the faculties of Behavioral and Social 

Sciences, Mathematics and Natural Sciences and Spatial Sciences at the University of 

Groningen. The items were selected based on a published factor-analysis (Laroi et al., 

2004). A total of 42 subjects (17 females), of which half scored in the upper and half in 

the lower quartile of the abbreviated LSHS, were invited for participation in the actual 

experiment. This sampling procedure reasonably ensured sufficient variability in 

hallucination scores in our final sample. Subjects were included only if they reported 

no current or past psychiatric disorder, and if their native language was Dutch. 

Ultimately, 3 subjects did not complete the semantic task and 2 failed to complete the 

phonological task. Furthermore, Cook’s D test was used to identify any observations 

that were exerting a disproportionate effect, which would posit a threat to a valid and 

reliable analysis. Based on this test, two subjects were disqualified as outliers. A final 

subject was excluded due to an abnormal audiogram (see procedure). 

 

Materials and Procedure 

All participants received oral and written information on the procedures of the 

experiment, and informed consent was obtained. Participants then filled out the full 

LSHS-R questionnaire (Laroi & Van der Linden, 2005b). Next, standard audiograms 

were obtained for each participant, using a descending method with 5 dB steps, within 

the speech frequency range, in order to ensure adequate auditory perception. 

Subjects were seated in front of a computer screen and given headphones for sound 

presentation. Each participant completed both tasks, and task order was 

counterbalanced across participants. 

Semantic task. Stimuli consisted of short sentences of 5 to 7 words (for examples, 

see table 1). A pilot study was conducted to test the stimulus materials in an unrelated 

sample of 28 individuals. Respondents were presented with a number of sentences up 
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to the penultimate word, and were asked to fill in the first thing that came to mind. 

Sentences, on which at least 75% of respondents filled in the same word, were 

regarded as highly predictable. Fifty such predictable sentences were selected for the 

experiment. Subsequently, fifty unpredictable sentences were constructed from the 

same sentences, by filling in a final word that none of the respondents had reported, 

within grammatical and semantic constraints. For each of these 100 sentences the 

final word was masked by white noise, at a sound level where the stimulus was 

difficult, but not impossible to detect1. Finally, 50 sentences were created from the 

same stimuli, by omitting the last word and only presenting a burst of white noise. 

This was done at the same sound level as the stimuli masked by noise. In this fashion, 

a total of 150 stimuli were used in the experiment, whereby in a third of cases the 

predictable word was presented, in a third the unpredictable word was presented, and 

in a third only white noise appeared. The sequence of stimuli was randomized. 

Subjects were asked to press the appropriate response button to indicate whether or 

not they heard a word, and subsequently to identify this word out loud. Subjects were 

encouraged to identify the word only if they were positively convinced, and otherwise 

to state that they were uncertain of its identity a total number of 150 trials were 

presented. 

 

 

 

 

 

 

 

                                                 
1 The sound-to-noise level of the embedded words was determined with a small pilot 

experiment in an unrelated sample of subjects. The same sentences (for the semantic task) and 
words (for the phonological task) used for the actual experiment were presented with the target 
word embedded in noise. Subjects were asked to try and identify the target word. Four different 
sound-to-noise levels were tested. Because we were primarily interested in error rates, we 
wanted to make sure subjects would make enough errors. Therefore, we selected the sound-to-
noise level on which approximately 70% of trials were correctly identified. In addition, all sound 
stimuli were normalized to the same dB level, such that all “noise+word” and “noise alone” 
stimuli were matched on sound level. 
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SENTENCE    PREDICTABLE UNPREDICTABLE 

The thief reported to the   police   owner 

The sailor sells his     boat   chair 

She sunbathes for hours on the   beach   roof 

The accused listened to the plea of his attorney  mother 

Before bedtime she always tells a  story   lie 

He takes the elevator up to the second floor   meeting 

She tossed her dirty clothes in the   hamper  bushes 

The unfortunate carpenter hit his  thumb   toe 

The magician pulled a rabbit out of his hat   coat 

   …    …   … 

 

Table 1 lists examples of stimuli used in the semantic task. Sentences were presented 
up to the penultimate word, after which a burst of white noise appeared. In a third of 
the trials only noise was presented. In the rest of the trials a word was embedded in 
the noise, at a sound level such that it was difficult to identify. In half of the trials the 
word was very predictable given the sentence context. In the other half of the trials, 
the word was unpredictable, but fit within grammatical and semantic constraints. 

 

Phonological task. A trial began with the presentation of a spoken prime word. 

The words were selected from a published list (Hermans & de Houwer, 1994), and 

consisted of adjectives, with similar levels of frequency and familiarity in the Dutch 

language. After hearing the prime word, a delay period of 2 seconds followed, wherein 

subjects were asked to form an auditory mental image of the word. The last phase of 

the trial consisted of a burst of white noise. On half of the trials only white noise was 

presented. In the other trials a target word was embedded in the noise. On half of 

these trials the target word was identical to the ‘imaged’ prime. On the other trials the 

word was different. Subjects responded in the same fashion as in the semantic task. A 

total of 216 trials were presented, divided in 2 blocks.  
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Statistical analyses 

As our primary analysis concerned the question whether hallucination proneness 

would be associated with a greater number of top-down errors, we first performed a 

correlation analysis between LSHS score and the rates of each error type. Subjects 

could make two kinds of ‘positive’ errors, or instances on which a stimulus was 

erroneously perceived, namely, ‘top down errors’ and ‘confabulations’. ‘Top-down 

errors’ were scored in the phonological task, when the subject’s response was the 

prime word, but the target word was different, or only noise was presented. In the 

semantic task a top-down error was scored when the subject’s response was the 

predictable word, but the target was unpredictable or only noise was presented. 

‘Confabulations’ were scored when the subject’s response was erroneous, but 

unrelated to the prime in the phonological task or to the sentence context in the 

semantic task. We calculated partial correlations between LSHS score and the error 

rates while controlling for general task performance (the controlling variable was the 

percentage of correct button presses, which indexes the ability to simply detect the 

presented stimuli in the acoustic noise). Further, ‘misses’ were scored when the 

subject failed to identify a stimulus, and we calculated the number of ‘unsure’ 

response. Correlations were calculated between these error rates and the LSHS score.  

Secondly, in order to verify that the experimental manipulation was successful, 

repeated measures analyses with LSHS score as the between subjects variable were 

conducted on the RT and accuracy data acquired from the button press responses. 

Within subject variables were Stimulus Type: ‘same’, ‘different’ or ‘noise only’ in the 

phonological task and ‘predictable’, ‘unpredictable’ or ‘noise only’ in the semantic 

task. 

 

RESULTS 

 

A single peak distribution, which was positively skewed [skewness=.848 (.393); 

kurtosis=-.088 (.768)], was observed in the full LSHS-R scores (see figure 1). Therefore, 

we treated LSHS score as a continuous variable, which matches well with the 

conception of hallucination proneness as a continuum within the population. 
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Figure 1 shows the histogram representing the 
frequencies of full LSHS scores in our sample of first year 
undergraduate students. Mean=19.44 (12.03). 

 

With regard to the correlation analyses, we observed a positive and significant 

correlation between LSHS score and the number top-down errors in the semantic task 

[r=.342; p<.05; prep=.886)], indicating an increase in top-down errors with an increase 

in LSHS score (see figure 2). This correlation did not reach significance in the 

phonological task. Correlations between LSHS scores and the other error types 

(confabulations, misses, unsure responses) were all non-significant in both the 

semantic task and the phonological task. 
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Figure 2 shows LSHS scores on the X-axis and number of top-down 
errors in the semantic task on the Y-axis. Using partial correlations, we 
statistically controlled for general ability to detect the stimuli in acoustic 
noise, and observed a positive correlation indicating an increase in 
number of top-down errors with an increase in hallucination proneness. 

 

The repeated measures analysis on the data from the semantic task revealed a 

main effect of Stimulus Type on RT [F(2,33)=8.66; p=.001; prep=.990; η2=.294], with the 

longest RT on unpredictable trials and shortest RT on noise trials. This effect was not 

paralleled in the accuracy analysis, which did not reveal an effect of Stimulus Type 

[F(2,33)=1.887; p=.168; prep=.744; η2=.066]. There was no significant main effect of 

LSHS score, nor an interaction effect. 

The repeated measures analysis on the data from the phonological task also 

revealed a main effect of Stimulus Type on RT [F(2,35)=7.67; p<.01; prep=.984; η2=.271], 

with the longest RT on the different trials, and the shortest RT on the noise trials. In 

this task the accuracy analysis did reveal a main effect of Stimulus Type 

[F(2,35)=9.476; p=.001; prep=.998; η2=.270], with least accurate responses on the 
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different trials, and comparable accuracy on the noise and same trials. There was no 

significant main effect of LSHS score, nor an interaction effect. 

 

DISCUSSION 

 

We designed two tasks in order to test whether auditory-verbal perception in 

hallucination prone subjects is more liable to be affected by increased top-down 

attention, and whether this takes place at a phonological or semantic level of 

processing. First, in order to verify that our experimental manipulation of top-down 

influences was effective, we looked at reaction times and accuracy of stimulus 

detection in the different task conditions. We observed faster reaction times when the 

prime word was identical or the sentence context was congruent with the presented 

target word. This confirms that top-down influences could effectively be manipulated 

in both tasks. Secondly, in order to test our specific hypothesis, namely, that 

hallucination proneness affects the identification of the stimulus, we looked at the 

type of errors made. We found that in the semantic task, people with a high 

propensity for experiencing hallucinations were more likely to identify the target word 

as the word predicted from the sentence context. The instructions urged subjects to 

make a positive identification only if they were certain and otherwise to state that 

they were unsure of the stimulus’ identity. This procedure reasonably ensured that an 

erroneous identification was a true subjective perception, and not a guess or a 

consequence of task demand characteristics. Furthermore, the fact that higher levels 

of hallucination proneness were not related to more ‘unsure’ responses, seems to 

confirm that the effect was not driven by a higher likelihood to guess, despite 

instructions. Contrary to the findings from the semantic task, higher levels of 

hallucination proneness were not related to specific error types in the phonological 

task. These findings thus are consistent with the hypothesis regarding an exaggerated 

impact of top-down influences on perception, in the case of hallucinatory 

experiences.(Behrendt, 1998; Grossberg, 2000) Specifically, in these non-clinical 

subjects, this seems to take place at the semantic processing level. 
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The fact that our subject group consisted of non-clinical, high functioning 

subjects precludes confounding effects from medication, illness related cognitive 

deficits, hospitalization and other variables that complicate research in hallucinating 

patients. However, the findings may also shed light on the cognitive processes 

underlying clinical hallucinations. It has been argued frequently that high scorers on 

questionnaires tapping into schizophrenia-related cognitive or emotional processes 

show neuropsychological deficits that resemble those found in patients with 

schizophrenia.(Braff, 1993) Previous research has suggested auditory processing in 

schizophrenia patients may suffer from aberrant top-down processing. A recent study 

tested individuals with prodromal symptoms(Hoffman et al., 2007), who were 

instructed to repeat any words or phrases that they perceived while listening to 

‘babble’ sounds, which consisted of unintelligibly superimposed speech streams. The 

longest phrase generated by a subject constituted the length of speech illusion (LSI) 

score. Elevated LSI scores were predictive towards subsequent conversion to 

schizophrenia. Longer speech illusions were hypothesized to be caused by excessive 

top-down processing, combined perhaps with distorted perceptual processing or 

misinterpretation of percepts. When processing a sentence, the perceiver integrates 

semantic information over several words to form a conceptual model. This internal 

model then has the ability to bias perception of subsequent incoming stimuli. A 

relatively large body of research on such semantic priming effects in schizophrenia 

exists. Several studies have reported increased semantic priming, particularly in fast, 

automatic processing tasks, which is thought to be due to relatively uninhibited 

spreading of activation within the semantic network. Sentence context processing is 

considered to be an automatic process.(Barch et al., 1996) Thus, similar processes to 

those described in priming experiments in schizophrenia patients may be at work in 

biasing the perception of hallucination prone subjects on our semantic task. When 

stimuli are processed in a more controlled way, as was the case in the phonological 

task, inhibition of primed content may be easier. In accordance with this notion, it has 

been suggested that schizophrenia patients are able to inhibit mental representations, 

but that they need a stronger impetus to do so, compared to controls.(Titone et al., 

2000) A similar finding was reported in a study of suppression of cognitive events, 
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using a sentence completion procedure.(Waters et al., 2006) In the high inhibition 

condition of the task, subjects were required to complete the sentence with a single 

word that was unrelated to the preceding sentence context. They obtained a positive 

correlation between hallucination severity in a sample of schizophrenia patients and 

the number of times a sentence was completed with a contextually appropriate word, 

against instructions. We observe a similar process in hallucination prone subjects, but 

in addition show that the failure to inhibit a cognitive event may lead to an actual 

perceptual experience. 

Some issues may need further clarification. First, even though we attempted to 

minimize suggestibility effects, they cannot be completely ruled out. However, had 

suggestion played a major role in our findings, then we would have expected similar 

effects in the phonological task. One could even argue that suggestibility effects are 

more likely there, since this task is less automatic and requires controlled processing. 

Because hallucination proneness was only related to top-down errors in the semantic 

task, it seems that the effect of suggestion was minimal. Secondly, because we were 

particularly interested in AVH, we used auditory-verbal tasks only. In future research it 

could be interesting to see if the increased influence of top-down perception extends 

into other modalities, and represents a more general cognitive bias, or whether this 

processing anomaly is linked to a specific sensory system. Finally, our results are 

based on correlations between levels of hallucination proneness and number of top-

down errors. No causal inference can be drawn from this, and thus it remains unclear 

whether top-down influences are an antecedent of hallucinations. Another possibility 

is that those who experience hallucinations become more tuned to internal 

experiences, which in turn could impact incoming stimuli to a larger extent.  

In sum, we observed increased top-down influence on perception of auditory 

verbal stimuli in hallucination-prone healthy individuals. Indeed, auditory-verbal 

‘hallucinations’ could even be elicited through semantic expectation. Our study sheds 

new light on a possible cognitive marker for hallucination proneness. Future research 

may employ neuroimaging methods to investigate how brain systems subserving 

semantic processes can prime perceptual systems. (Allen et al., 2008) Arguably, an 

analogous cognitive process could be responsible for auditory hallucinations in 
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schizophrenia. Empirical investigation using similar tasks in patients with 

schizophrenia could clarify whether hallucinatory experiences and their psychological 

underpinnings are equivalent in clinical and non-clinical populations. 

 



 81 

4.2. 

Hearing a voice in the noise: 

Auditory hallucinations and speech perception 

 

A. Vercammen1, E. de Haan2,3 & A. Aleman1 

 

 

1 BCN NeuroImaging Center, University Medical Center Groningen, The 

Netherlands 
2 Helmholtz Research Institute, Utrecht University, The Netherlands 

3 Rudolf Magnus Institute of Neuroscience, Department of Psychiatry, University 

Medical Center Utrecht, The Netherlands 

 

 

Psych.Med. 2008 Aug. 38(8):1177-84. [Epub ahead of print, 2007 Dec 13] 



 82 

ABSTRACT 

 

BACKGROUND. It has recently been suggested that hallucinations are the result 

of a criterion shift when deciding whether or not a perceived stimulus is real. This 

approach proposes that patients with hallucinations may be more sensitive to real 

speech utterances than patients without hallucinations due to a tendency to err more 

on the side of false positives. To test this hypothesis, we devised a speech 

discrimination task and employed Signal Detection Theory (SDT) to investigate the 

underlying cognitive mechanisms.  

METHODS. Schizophrenia patients with and without auditory hallucinations and 

a healthy control group completed a speech discrimination task. They had to decide 

whether a particular spoken word was identical to a previously presented speech 

stimulus, embedded in noise. SDT was employed on the accuracy data to calculate a 

measure of perceptual sensitivity (Az) and a measure of response bias (β). Thresholds 

for the perception of simple tones were determined. 

RESULTS. Compared to healthy controls, perceptual thresholds were higher and 

perceptual sensitivity in the speech task was lower in both patient groups. However, 

hallucinating patients showed increased sensitivity to speech stimuli compared to 

non-hallucinating patients. In addition, we found some evidence for a positive 

response bias in hallucinating patients, indicating their general tendency to reaffirm 

the presence of a suggested auditory stimulus.  

CONCLUSIONS. Within the context of schizophrenia, patients with auditory 

hallucinations show enhanced sensitivity to speech stimuli, combined with a liberal 

criterion for deciding that a perceived event is an actual stimulus. 
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INTRODUCTION 

 

Auditory-verbal hallucinations constitute a major symptom of schizophrenia; up 

to 70% of patients suffer from them (Bentall, 1990). Several cognitive mechanisms 

have been advanced to explain the genesis of hallucinations. The most widely 

accepted hypothesis proposes that speech hallucinations arise from the 

misattribution of an internally generated event to an external source (Bentall, 1990; 

Frith, 1992; Seal et al., 2004). Defective self-monitoring has been advanced as the 

fundamental cognitive error underlying this process. According to this theory, in order 

to distinguish between self-generated and external signals, we rely on a feed-forward 

signal of our intention to act. Hallucinations are conceptualized as a break-down in the 

system monitoring those intentions. If the signal about our plans and goals does not 

reach this internal monitor, the action following the intention is not recognized as self-

generated. Specifically, in the case of hallucinations, inner speech could be 

misinterpreted as coming from an outside source. 

Recent work however, has provided evidence that such an externalizing tendency 

is not specific to schizophrenia patients with auditory hallucinations, and seems to be 

linked to positive symptoms in general (Johns and McGuire, 1999; Keefe et al., 2002). 

Moreover, self-monitoring theory does not address why hallucinations are 

experienced as sense perceptions. A number of researchers have looked into the 

perceptual aspect of hallucinations, and have suggested that a perceptual deficit 

might underlie the development of hallucinations. For instance, hallucinating patients 

appear to be especially prone to misperceive speech with reduced phonetic clarity 

(Alpert, 1985) and to experience meaningless sounds as meaningful (Bentall & Slade, 

1985). Hoffman et al. (1999) assessed narrative speech perception in healthy controls 

and schizophrenia patients with and without hallucinations. They concluded that 

hallucinated voices derive from disrupted speech perception and verbal working 

memory rather than from non-language cognitive or attentional deficits. However, 

Aleman and de Haan (2000) remarked that the disruption of non-language cognitive 

processes should not be discarded as a possible contribution to the occurrence of 

hallucinations. Furthermore, McKay et al. (2000) used a battery of nine auditory 
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perception assessments in patients with schizophrenia in order to investigate whether 

auditory hallucinations are associated with abnormal central auditory processing. 

Results were characterized by a large interindividual variability. Group differences 

between hallucinating patients and non-hallucinating patients were absent on the 

overwhelming majority of tests. The authors concluded that the auditory 

abnormalities observed in hallucinating patients probably expressed a greater degree 

of the same kind of dysfunction that results from schizophrenia itself. Thus, it seems 

that deficits in perception might not constitute a specific trait marker for 

schizophrenia with auditory hallucinations. Interestingly, Dolgov and McBeath (2005) 

have proposed a theoretical framework within Signal Detection Theory that could 

explain the occurrence of hallucinations in the presence of increased perceptual 

acuity, rather than perceptual deficit. Signal Detection Theory (SDT) can be employed 

when measuring the way decisions are made under uncertain or ambiguous 

conditions. It is applied to accuracy data in order to analyze the underlying cognitive 

mechanisms of task performance. According to SDT there are a number of 

psychological determiners of how an individual detects a signal. In a typical signal 

detection task, each trial requires the subject to discriminate between two possible 

stimulus types: ‘noise’ or ‘signal plus noise’. On a given trial, subjects respond based 

on the value a decision variable reaches on a signal intensity scale. If the value of the 

decision variable reaches the individual’s response criterion, the subject will answer 

‘yes’ (a stimulus was present). If the value remains below that criterion, the subject will 

answer ‘no’ (only noise was present). Thus, four different perceptual instances can 

occur: veridical perception (a hit), veridical non-perception (a correct rejection), 

erroneous perception (a false alarm) and lack of perception (a miss) (see figure 1, top 

panel). Based on these error proportions, two measures can be derived. The first, 

perceptual sensitivity, is represented by the distance between the means of the ‘signal’ 

and ‘signal plus noise’ distributions, and refers to the general effectiveness of the 

perceptual system. The second measure, response bias, represents the individual’s 

criterion for deciding whether a perceived event is an actual stimulus. Dolgov and 

McBeath (2005) suggested that when the decision criterion shifts leftwards, it creates 

a larger proportion of false alarms (or hallucinations, as it might be). Yet, the number 
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of misses (or instances where a stimulus is not picked up) also decreases (see figure 1, 

bottom panel). These subjects thus benefit from an increased acuity in the perception 

of real stimuli, due to a tendency to err more on the side of false positives, than on the 

side of false negatives. This means that hallucinating individuals might not make more 

perceptual errors than non-hallucinating subjects, but rather that they make different 

ones. Thus, applied to the case of auditory hallucinations, this theory implies not a 

speech perception deficit, but rather the possibility of increased sensitivity to 

auditory-verbal stimuli.  

Previously, Schneider and Wilson (1983) posited a similar theory. They examined 

the performance of schizophrenia patients and healthy controls on a perceptual 

discrimination task, where subjects had to respond to frequent and infrequent tones 

with different button presses. Analogous tasks were used in the auditory and visual 

modality to ascertain the differential effect of auditory hallucinations. The patients 

were divided in three groups: those who currently hallucinated, those who were 

currently not hallucinating and those who had never hallucinated. The authors 

observed the fastest reaction times and most accurate responses in normal controls. 

Of the schizophrenic groups, the currently hallucinating group was generally most 

accurate and they showed faster reaction times in the auditory task, compared to the 

other patient groups. Normal controls and currently hallucinating individuals were the 

only groups who displayed a reaction time advantage in the auditory modality. The 

authors explained this seemingly paradoxical finding of greater accuracy and faster 

reaction times associated with hallucinations, by referring to the attentional salience 

of auditory stimuli for hallucinating individuals. Thus, there is some indication that 

hallucinating patients may scan their environment for auditory input more than non-

hallucinating patients do and seem more sensitive to it. However, Schneider & Wilson 

used nonsensical tone stimuli, and their relation to auditory-verbal hallucinations is 

unclear. It thus remains to be demonstrated whether hallucinating individuals are also 

more sensitive to speech stimuli and which cognitive processes underlie this effect. 
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Figure 1. The X axis represents the vividness of the percept, or the convincingness 
that the stimulus is veridical. The Y axis represents the frequency of the occurrence of 
such an event. In a signal detection task, one can identify two distinct distributions: a 
noise distribution, which represents the convincingness of the stimulus over all trials 
where only noise was presented, and a signal distribution. A criterion line is drawn 
which represents the observer’s threshold for interpreting a stimulus as a real percept. 
The thresholds for non-hallucinating and hallucinating subjects are shown in the top 
and bottom panel, respectively. This criterion shift to the left creates a greater 
proportion of false alarm errors, but also a greater sensitivity to real occurrences of 
signals. 
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Our study aims to clarify this mechanism of hallucination genesis by applying 

signal detection theory (SDT) to a speech discrimination task in hallucinating a non-

hallucinating schizophrenia patients and healthy controls. We used more ecologically 

valid auditory-verbal stimulus material, referenced to hallucination content. SDT is 

especially instrumental in the issue at hand, since it allows an investigation of the 

underlying cognitive mechanisms of task performance and can assist in determining 

whether hallucinations are the product of anomalies of perceptual sensitivity or 

response bias. 

 

METHODS 

 

Subjects 

Fifteen hallucinating patients (4 females), fifteen non-hallucinating patients (1 

female) and 17 healthy individuals (6 females) participated in the experiment. Patients 

were included in the hallucinating group if they reported hallucinations in the week 

prior to testing, and if they obtained a PANSS hallucination score of at least 3. 

Patients were included in the non-hallucinating group if they had not experienced 

hallucinations for at least three months prior to testing. All patients had received the 

diagnosis of schizophrenia, according to DSM-IV criteria, confirmed with the CASH 

interview (Comprehensive Assessment of Symptoms and History, Andreasen et al., 

1992). The three groups of subjects were matched according to age, gender and 

education level. Severity of the disorder in patients was assessed with the PANSS 

interview. The two groups of patients did not differ in terms of general 

psychopathology, negative symptoms or positive symptoms ( provided an adjustment 

for hallucination score), nor did they show any differences in terms of disease duration 

or number of psychiatric hospital admissions. 

 

Procedure 

Participants first gave informed consent. Then, a perceptual threshold task with 

pure tones and a forward digit span task were administered, in order to control for 

group differences in auditory acuity and attention. Absolute thresholds for loudness of 
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a target tone presented in 74 dB(A) white noise were determined using a standard 

adaptive staircase rule (1-up 2-down). Steps were 5 dB prior to the fourth turnaround 

and 1 dB thereafter. Signal levels at each turnaround after the fourth were averaged 

to yield an estimate of the signal level at which 50% of stimuli were detected.  

Subsequently, participants performed the speech detection task. Subjects were 

seated in front of a computer screen. On each trial a spoken word was presented at 60 

to 65 dB, superimposed on white background noise at 72 dB, through the computer’s 

speaker boxes. The word stimuli were audible albeit hardly discernable. Stimuli 

consisted of verbs and nouns. After a 2 second delay a spoken word was presented, 

free of noise, and thus clearly audible. During this phase the screen showed only a 

fixation cross. Subsequently, the question “have you heard the word ‘X’ in the noise?” 

was presented on screen, with ‘X’ referring to the second, noise-free word. Subjects 

indicated their answer on a 5-point scale, from ‘certainly’ to ‘certainly not’. A rating 

scale was employed because this allows a graded response, fitting with the ambiguous 

conditions. The experiment consisted of 50 trials. On half of the trials the first word 

(embedded in noise) and the second word were the same.  

We used signal detection theory to process the data. After determination of the 

proportion of hits and false alarms, two measures were derived, according to the 

procedure described by Stanislaw and Todorov (1999): the response bias, β and the 

sensitivity in the detection of the signal, Az. 

 

RESULTS 

 

We performed separate ANOVAs with group as a between subjects factor with 

three levels and the two measures derived from the signal detection analysis, Az and β 

as dependents. A significant main effect of Group was observed on Az [F(2,44)=11.81; 

P<.01], but not on β [F<1]. The effect was further analyzed by means of planned 

contrasts. With regard to the variable Az, both patient groups showed significantly 

lower scores than normal controls [F(1,44)=5.77; P<.05 and F(1,44)=23.61; P<.001, for 

hallucinating and non-hallucinating patients respectively]. Within the patient group, 
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non-hallucinating patients had lower scores than hallucinating patients, [F(1,44)=5.68; 

P<.05].  

We performed t-tests to check whether β values differed significantly from 1 for 

each of the groups, since a deviation from 1 indicates an abnormal value, or a bias in 

responding. Only in the case of hallucinating patients did we find β to be significantly 

lower than 1, demonstrating a positive response bias [t(14)=-2.27; P<.05] (figure 2). 

 

Figure 2. Mean sensitivity and bias on the speech discrimination task, 
for patients with hallucinations (N=15), patients without hallucinations 
(N=15) and healthy matched comparison participants (N=17). The 
asterisk denotes p<.05, the double asterisk p<.01. 
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Due to technical difficulties, for the control group data for only 11 subjects were 

available for the auditory threshold task. Patients had higher perceptual thresholds 

than controls, [t(30)=2.624; P<.05; t(30)=2.576; P<.05, for hallucinating and non-

hallucinating patients]. However, the two patient groups did not differ in terms of 

auditory threshold, [P>.10]. 

 

DISCUSSION 

 

In this experiment we employed signal detection theory (SDT) to investigate 

differences in speech discrimination between patients with and without auditory 

hallucinations, and healthy control subjects. We observed a significant difference in 

perceptual sensitivity between the three subject groups. Our primary interest, the 

comparison between the patient groups, revealed that hallucinating patients 

presented higher perceptual sensitivity to the speech stimuli. Furthermore, a 

significant response bias was found only in hallucinating patients. Notably, the patient 

groups were matched closely on illness severity, including positive symptoms, and on 

demographic variables.  

Schizophrenia is characterized by a number of cognitive problems, including 

working memory deficits, distractibility and perseveration (Heinrichs and Zakzanis, 

1998). Therefore one would expect to observe a significant performance deficit on the 

sensitivity variable in the degraded speech perception task for schizophrenia patients 

in general, whether presenting hallucinations or not. Accordingly, both patient groups 

had lower sensitivity scores when compared with the healthy controls. Importantly 

however, this deficit was significantly smaller in hallucinating patients than in non-

hallucinating patients. This finding concurs with the prediction of Dolgov and 

McBeath (2005) that hallucinations may occur with the benefit of an accompanying 

improvement in the perception of veridical stimuli. It also fits well with the 

observation of Schneider & Wilson (1983) of superior performance of normal controls 

and currently hallucinating patients on an auditory perceptual discrimination task. The 

boosted sensitivity in the speech processing task in hallucinating patients is 

remarkable, especially considering the fact that both patient groups had relatively 
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high basal perceptual thresholds for simple tones. This seems to indicate that our 

finding does not represent a general characteristic of auditory perception in these 

patients, but rather a peculiarity in the processing of auditory-verbal information. 

Importantly, the observed effect cannot be ascribed to differences in illness severity or 

demographic characteristics, because the groups did not differ on these measures. 

The task required subjects to retrospectively match a particular stimulus to a 

previously presented noisy stimulus. This task setup necessitates a matchmaking 

process between a current perception and a memorized perception. When the first 

stimulus is presented, the subject must maintain an auditory trace of it. Then, when 

the second stimulus appears, the subject immediately has to compare this retained 

mental image with the new perception. If the degree of overlap is sufficient, the 

subject will answer affirmatively. It seems that the hallucinating subjects had a lower 

criterion for deciding that the two perceptions were identical. Since performance in 

this task actually benefits from an enhanced interaction between memorized 

perceptions and current perception, it appears that hallucinating patients improved 

their performance by profiting from this form of top-down processing, which has also 

been termed imagery-perception interaction (Aleman et al., 2003). Several 

researchers are now proposing that a disproportionate contribution of top-down 

factors in perception may be linked to the genesis of hallucinations (Aleman et al., 

2003; Behrendt, 2003; Grossberg, 2000). Top-down processing refers to the fact that 

perception is influenced by prior knowledge and expectations the perceiver holds 

about the incoming sensory information and its meaning. If such top-down processes 

take precedence over the bottom-up sensory input, they can reshape the incoming 

information (which may merely consist of ambient noise) into a meaningful percept, 

or a hallucination.  

One might then wonder why the normal subjects did not report auditory 

hallucinations, since they outperformed the hallucinating subjects in terms of 

perceptual sensitivity, and thus must also rely on the kind of mental-perceptual 

interaction abilities that seemed lacking in non-hallucinating patients. Our 

observation of a positive response bias in hallucinating patients may explain this 

apparent discrepancy. A positive response bias has previously been linked to 
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hallucinations in general and to a subclinical predisposition for hallucinations (Rankin 

and O’Carroll, 1995). Bentall and Slade (1985) used a SDT paradigm in which subjects 

were instructed to detect a known auditory target (the word ‘who’) in a noisy 

background. Hallucinating patients showed a greater tendency towards false alarms 

than non-hallucinating patients, although they did not differ on perceptual sensitivity. 

However, the definition of hallucinations was not limited to auditory-verbal ones. 

Subjects also did not have to discriminate between words, but simply had to deny or 

affirm presence of a given stimulus. So the findings can be explained as an overall 

heightened suggestibility effect in hallucinating individuals. Also, the lack of a direct 

comparison with a healthy control group complicates interpretation of the results. 

Böcker et al. (2000) observed a trend towards a positive relation between scores on 

the hallucination item of the PANSS and a bias measure. In terms of SDT, when the 

subject neither favors a ‘yes’ or ‘no’ response, the response bias measure β equals 1. 

Values less than 1 thus signify a bias towards responding ‘yes’, whereas values greater 

than 1 indicate a bias towards a ‘no’ response (Stanislaw and Todorov, 1999). In our 

study, the hallucinating patients were the only group where β was significantly smaller 

than 1, although statistically the three groups did not differ on the β measure. We are 

therefore cautious in interpreting these results. The response bias itself my not 

necessarily represent an abnormality. However, in association with the previous 

finding of retained perceptual sensitivity, a positive response bias may explain why 

hallucinating patients report having sensory experiences where healthy individuals do 

not. As described by Dolgov & McBeath (2005), positive response bias concurs with a 

leftward shift of the decision criterion. This means that the subject will make more 

false alarm errors, which is balanced out by a smaller number of misses. Accordingly, 

the number of hits increases, at the expense of the correct rejections (see figure 1). 

The resulting cognitive state implies a willingness to err more on the side of false 

positives versus false negatives, accompanied by an improvement in veridical 

perception. Thus, individuals with auditory hallucinations seem particularly sensitive 

to speech information and are more prone to accept the presence of a stimulus, 

possibly based on expectation or suggestion induced by task demands. For instance, 

Haddock et al. (1995) also concluded that “the auditory judgments of hallucinators are 
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highly influenced by beliefs and expectations”. The authors investigated the verbal 

transformation effect in hallucinating and non-hallucinating schizophrenia patients. 

This effect refers to the tendency to perceive illusory transformations of repeatedly 

presented words, such as hearing the words ‘dress’, ‘stress’ or ‘press’ when 

continuously listening to  ‘-tress’. The transformation effect was stronger for the 

hallucinating patients. In addition they reported more weakly associated 

transformations, such as ‘Christmas’, ‘cat’ and ‘blood’. Kot and Serper (2002) 

conducted a conditioning experiment, where they used pairings of a light and a tone, 

until the presentation of the light alone elicited the perception of a tone. They 

observed that hallucinating schizophrenic patients acquired the sensory-conditioned 

hallucination more quickly, and maintained it for a longer period of time. Indeed, 

under certain circumstances top-down factors may, as it were, overrule the incoming 

sensory information, and basically determine the final percept. 

A number of issues remain unresolved. First, this top-down account of 

hallucinations does not explain why the cognitive system makes the error of 

overruling incoming sensory information at a certain moment in time. In continuously 

hallucinating patients this perceptual error may be a default state or a stable trait of 

the cognitive system. However, in intermittent hallucinators, it is not clear why the 

cognitive system ‘gets it right’ most of the time, but errs on other occasions. 

Secondly, the current design does not allow inference of a causal mechanism. Is this 

cognitive state an antecedent of hallucinatory experience? Or do regular 

hallucinations lead to such a disposition? Perhaps because they often experience 

hallucinations, patients become more tuned to their auditory environment, learn to 

pick up subtle sensations and interpret them in light of the expectations they have. 

Thus, this cognitive state may be the result rather than the cause of auditory 

hallucinations. Thirdly, since we only investigated the auditory modality, it is 

impossible to determine whether this is a general disposition, or a modality specific 

effect. Ishigaki and Tanno (1999) attempted to tackle this issue by using a visual SDT 

task. Both hallucinating and non-hallucinating patients were found to have a lower 

discriminatory ability, compared to normal controls. Patients with auditory 

hallucinations showed a positive response bias, as did the normal controls. It thus 
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appears that in the visual domain, patients with auditory hallucinations do not differ 

from other patients: they show a significant sensory attention deficit. In our auditory-

verbal task however, they did not show the same deficit as non-hallucinating patients. 

Moreover, hallucinating patients showed a normal decision criterion in the visual task 

of Ishigaki and Tanno, whereas they may have an abnormally biased criterion in the 

auditory domain. One could thus argue that changes in response bias and perceptual 

sensitivity, linked to auditory hallucinations, are modality specific and do not 

represent a general cognitive decline, but rather a circumscribed alteration in a 

specific processing domain. In subsequent research, it might be interesting to 

examine both an auditory task and a similar visual SDT task in the same group of 

patients. Likewise, the performance of individuals with isolated hallucinations in 

different modalities could be tested, in order to check whether hallucinations in 

certain modalities are linked to abnormalities of perception and response criterion in 

the same modality or also in other modalities.  

To summarize, in the current SDT experiment we observed increased perceptual 

threshold for tones in both patient groups. Although auditory-verbal discrimination 

ability was affected in both patient groups, it was less so in patients with auditory 

hallucinations. Moreover, only hallucinating patients appeared to show a positive 

response bias. These findings in hallucinating patients are consistent with a cognitive 

state where increased focus on auditory-verbal information and a willingness to err 

more on the side of false positives predisposes the perceptual system towards false 

perceptions or hallucinations. 
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Chapter 5: Neural Basis of AVH 
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ABSTRACT 

 

OBJECTIVE. Neuroimaging studies have indicated that a number of cortical 

regions express altered patterns of structural covariance in schizophrenia. The 

relationship between these alterations and specific psychotic symptoms is yet to be 

investigated. We used Voxel-based Morphometry (VBM), for the first time, to 

examine regional gray matter volumes and structural covariance associated with 

severity of auditory verbal hallucinations (AVH).  

METHODS Optimized VBM was applied on structural scans from 26 patients 

with medication-resistant AVHs; statistical inferences were made at p<0.05 after 

correction for multiple comparisons.  

RESULTS. Gray matter volume in the left inferior frontal gyrus (IFG) was 

positively correlated with severity of AVHs. Hallucination severity influenced patterns 

of structural covariance between this region and the contralateral IFG, left 

superior/middle temporal gyri, hippocampus, and bilateral insula.  

LIMITATIONS. The results are limited to self-reported severity of auditory 

hallucinations. Complementing with a clinician-based instrument could have made 

the findings more compelling. Regions of interest (ROI) were defined using 

coordinates as given in the literature. Future research using another method such as 

Brodmann-based anatomical masks or coordinates from prior functionally defined 

regions in the same sample could further validate our findings. Finally, future studies 

could benefit from including a measure to control for other symptoms that may co-

vary with AVHs, as well as for antipsychotic medication effects. 

CONCLUSIONS. The results revealed that overall severity of AVHs modulated 

cortical intercorrelations between frontotemporal regions involved in language 

production and verbal monitoring, supporting the critical role of this network in the 

pathophysiology of hallucinations. 
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INTRODUCTION 

 

Auditory verbal hallucinations (AVHs) are one of the most devastating yet poorly 

understood symptoms of schizophrenia (Aleman & Laroi, 2008). Neuroimaging 

findings support the notion that AVHs partly originate from altered neural activation 

within a distributed network involved in language processing and verbal monitoring 

(Frith & Done, 1989; McGuire et al., 1996), including the inferior frontal gyrus (IFG), 

middle/superior temporal gyri (MTG, STG), and medial regions such as the 

hippocampus and insula (Allen, Laroi, McGuire, & Aleman, 2008). With regard to brain 

morphology, recent studies using Voxel-Based Morphometry (VBM) have indicated 

regionally specific abnormalities in IFG and temporal cortex associated with AVHs 

(Garcia-Marti et al., 2008; Neckelmann et al., 2006; Shapleske et al., 2002). Structural 

covariance refers to the co-variation in regional volume between different brain areas, 

and results from mutually trophic influences or common experience-related plasticity 

(Mechelli, Friston, Frackowiak, & Price, 2005). Interestingly, a number of regions 

express altered patterns of structural covariance in patients with schizophrenia 

relative to controls (Mitelman, Buchsbaum, Brickman, & Shihabuddin, 2005; Wible et 

al., 1995; Woodruff et al., 1997), but the relationship between these alterations and 

specific psychotic symptoms remains unknown. The present study used VBM in a 

sample of schizophrenia patients with medication-resistant auditory verbal 

hallucinations to test the hypothesis that overall severity of AVHs would be associated 

with gray matter abnormalities in frontal and temporal regions, and that structural 

covariance between them would be modulated by hallucination severity. 

 

METHODS 

 

Participants 

The study sample comprised 26 patients diagnosed with schizophrenia using 

Diagnostic and statistical manual of mental disorders, fourth edition, (DSM-IV) criteria 

(American Psychiatric Association, 1994), as confirmed by the SCAN interview (Giel & 

Nienhuis, 1996), suffering treatment-resistant auditory hallucinations (Table 1). 
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Written informed consent was obtained from all participants after a detailed study 

description, which was approved by the Medical Ethical Committee of the University 

Medical Center Groningen. 

 

 Mean (SD) 

Age, years 36.23 (12.14) 

Gender (male/female) 13/13 

Education, years 13.68 (1.78) 

Duration of illness, months 163.2 (137.4) 

Medication dosage, CPZ b 494 (378) 

Global GMV 0.8306 (0.1012) 

AHRS total 26.23 (6.79) 

Frequency 6.15 (2.87) 

Reality 3.81 (1.50) 

Loudness 2.77 (0.91) 

Number 3.04 (1.91) 

Length 3.12 (1.14) 

Attention to voices 3.88 (1.77) 

Arousal 3.46 (1.17) 

 

Table 1 lists the patient characteristics (n=26). Abbreviations: AHRS=Auditory 
Hallucinations Rating Scale; CPZ b=chlorpromazine equivalent units; GMV=gray 
matter volume; SD=standard deviation. 

 

Instruments 

The Auditory Hallucinations Rating Scale (AHRS; Hoffman et al., 2003) was used 

to assess severity of AVHs. The AHRS is a self-administered 7-item instrument for the 

measurement of specific characteristics of AVHs: 1) Frequency of the voices; 2) Reality 

of the voices; 3) Loudness; 4) Number of voices; 5) Length of the voice content; 6) 

Attentional salience; and 7) Distress level. A total score is computed by adding the 

scores on each item (range: 0 – 41), which is used as typical measure of overall severity 

and frequency of hallucinations. 
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MRI data acquisition 

High-resolution T1-weighted MR images were acquired using a 3-Tesla MR 

scanner (Philips Medical Systems, Best, The Netherlands), with a Fast Field Echo (FFE) 

sequence, and the following parameters: 160 contiguous axial slices, repetition time 

25 ms, echo time 4.6 ms, field of view 260 mm, flip angle 30º, voxel size 1 mm3. 

 

MRI data preprocessing 

Structural images were pre-processed using optimized VBM implemented in 

SPM5 (http://www.fil.ion.ucl.ac.uk/spm), running under Matlab (Mathworks, Natick, 

Massachusetts). VBM is a whole-brain, unbiased, semi-automated technique for 

characterizing regional cerebral differences in structural magnetic resonance images 

(Ashburner & Friston, 2000; Mechelli, Price, Friston, & Ashburner, 2005). First, 

structural images were segmented to extract gray matter (GM) and then normalized 

to an asymmetric T1-weighted template in MNI stereotactic space, in a recursive 

fashion. Image segmentation incorporated an intensity non-uniformity correction to 

account for smooth intensity variations caused by gradient distortions and different 

positions of cranial structures within the MRI coil. A further step was added to ensure 

that the total amount of GM in each voxel was conserved before and after spatial 

normalization. This “modulation” step involves multiplying the spatially normalized 

GM by its relative volume before and after spatial normalization (Mechelli et al., 

2005). The resulting GM images were finally smoothed with a 12-mm isotropic 

Gaussian kernel. 

 

Statistical analysis 

To identify brain regions associated with overall severity of hallucinations, we 

subjected the individual GM segments to a voxel-wise multiple regression analysis, 

with AHRS total score as predictor. Inferences were made after Family-Wise Error 

(FWE) correction for multiple comparisons across the whole brain. Global GMV and 

age were modelled as covariates of no interest to identify regionally specific 

associations that were not confounded by these variables. Given our a priori regions of 
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interest (ROI), based on previous MRI reports of associations between AVHs and GMV 

in mainly frontotemporal regions (Allen et al., 2008), we applied pre-defined 

anatomical ROI analysis (as provided by the Automatic Anatomical Labeling 

software), which included: 1) STG, 2) MTG, 3) IFG, 4) insula, and 5) hippocampus, on a 

FWE corrected level of p < 0.05. 

Next, for regions showing a significant association with AVHs, we explored 

patterns of structural covariance with our a priori ROIs as a function of hallucination 

severity (as indexed by AHRS total score), using Pearson’s product-moment 

correlation coefficient. To this end, regional GMV was extracted from each ROI using 

the following coordinates taken from the literature (Garcia-Marti et al., 2008; 

Neckelmann et al., 2006; Gaser, Nenadic, Volz, Buchel, & Sauer, 2004; Shapleske et 

al., 2002): 1) STG (left: -18.4, 11.08, -14.57; right: 57, -35, 8); 2) MTG (- 38.64, -6.23, 

6.45); 3) IFG (37.92, 35.48, 13.88); 4) insula (left: -43, 12, -10; right: 45, 16, -9); 5) 

hippocampus (18.56, -4.29, -20.73). We set the level of significance at < 0.05, 2-tailed.  

 

RESULTS 

 

Severity of AVHs, as indexed by the AHRS questionnaire, was positively 

correlated with GMV in the left IFG (MNI coordinates -32, 28, -24; cluster size = 29 

voxels; T score = 4.20; Z score = 3.56; FWE corrected) (see fig 1). No other regions 

survived the correction for multiple comparisons. Of note, there were no significant 

gender differences in AHRS total score (F1,24 = 0.013, p = 0.911), nor in GMV of the left 

IFG region that was correlated with AHRS total score (F1,24 = 2.083, p = 0.162). Given 

the lack of a significant gender difference, the present results derive from analyzing 

the two groups combined. 
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Figure 1. T-statistic map of the positive correlation between gray matter volume 
(GMV) in the left inferior frontal gyrus and severity of hallucinations. Results were 
considered significant at p<0.05, Family Wise Error (FWE) corrected. 

 

We then proceeded to analyze patterns of structural covariance as a function of 

hallucination severity between volume in the left IFG and the a priori ROIs. This 

revealed that overall hallucination severity was positively associated with structural 

covariance between the left IFG and the contralateral IFG (r = 0.405, p = 0.040), left 

STG (r = 0.485, p = 0.012) and MTG (r = 0.489, p = 0.011), bilateral insula (left: r = 0.410, 

p = 0.038; right: r = 0.418, p = 0.034) and the right hippocampus (r = 0.526, p = 0.006). 

In sum, patients with greater hallucination severity showed increased structural 
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covariance between these regions. Figure 2 depicts the peak coordinates reported by 

studies on structural correlates of hallucinations from which our ROIs were defined. 

 

Figure 2 shows a summary of brain regions in which gray matter volume was reported 
to be associated with auditory verbal hallucinations in previous neuroimaging studies, 
utilized to define our regions of interest for the study of structural covariance as a 
function of hallucination severity. A: superior temporal gyrus, bilaterally (Garcia-Marti 
et al., 2008; Shapleske et al., 2002), B: right inferior frontal gyrus (Gaser et al., 2004), 
C: right hippocampus (Shapleske et al., 2002), D: bilateral insula (Garcia-Marti et al., 
2008) and E: middle temporal gyrus (Shapleske et al., 2002). 

 

DISCUSSION 

 

We investigated whether patterns of covariance between regional volumes in the 

schizophrenic human brain would be modulated by overall frequency and severity of 

AVHs. First, a positive correlation between GMV in the left IFG and hallucination 

severity was identified. Functional neuroimaging studies have indicated enhanced left 

IFG activation during hallucinations (McGuire, Shah, & Murray, 1993), and prolonged 

use of a structure may result in volumetric increases (Maguire, Woollett, & Spiers, 

2006). The identified left IFG region in which larger volume was associated with more 

hallucinations corresponds to the area where convergent input from temporal lobe 

regions enters the frontal lobe and has a known role in speech processing (Poldrack et 

al., 1999), which is an intrinsic process in auditory verbal hallucinations as they consist 

of spoken language. Thus, it would not be surprising that, amongst a sample of 

hallucinators, greater severity correlated with increased GMV therein. This finding is 

consistent with studies which have explored hallucination as a state-marker and 
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effectively identified the aforementioned increases in activation (Silbersweig et al., 

1995). Of note, our findings cannot be explained by age or individual differences in 

overall brain size, because these factors were included as confounding variables in the 

statistical analyses. 

Gray matter volume in temporal regions did not appear to be associated with 

hallucination severity as measured by the AHRS. Although temporal lobe 

abnormalities have been repeatedly reported in schizophrenia (Shergill, Brammer, 

Williams, Murray, & McGuire, 2000), this has mainly been found in comparison to 

healthy controls (Allen et al., 2008). Our results, however, are restricted to a 

homogeneous sample of patients with medication-resistant AVHs, in which the left 

IFG was identified as the only region to survive correction for multiple comparisons. 

Noteworthy, the analysis of structural covariance revealed that hallucination 

severity influenced cortical intercorrelations between GMV of the left IFG and a 

number of hallucination-related regions, i.e. left MTG and STG, contralateral IFG, 

hippocampus, and insula. Altered associations between left frontal and temporal 

structures have been evidenced in schizophrenia patients compared to healthy 

controls (Mitelman et al., 2005). Furthermore, structural covariance between fronto-

temporal regions, indicating common volumetric variations, is abnormal in 

schizophrenia (Mechelli et al., 2007). Our results extend these prior findings by 

relating them to specific psychotic symptoms, and add further support to the notion 

that language processing and verbal monitoring neurocircuitry are critical in the 

generation of hallucinated speech (Frith et al., 1989; McGuire et al., 1996). In addition, 

these results demonstrate that AVHs severity affects volumetric correlations also with 

medial structures such as the insular cortex and the hippocampus, consistent with the 

idea that these areas play a part in the genesis as well as in the modulation of the 

perceptual/affective content of the hallucinations (Silbersweig et al., 1995; Allen et al., 

2008). Finally, increased fractional anisotropy of fronto-temporal bundles in 

schizophrenia patients with AVHs compared to patients without hallucinations has 

also been evidenced (Aleman, Sommer, & Kahn, 2007). Taken together, these results 

highlight the critical involvement of aberrant fronto-temporal interactions at the level 

of both gray- and white- matter pathways in the hallucinatory experience. 
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Limitations 

The present work was based on self-reported severity of auditory hallucinations. 

Potential drawbacks of relying on self-reported measures could have been minimized 

with the inclusion of a clinician-based instrument. Nevertheless, the AHRS is a widely 

used tool for the rating of auditory hallucinations, also in studies on the efficacy of 

AVHs treatments (Hubl et al., 2004). We defined our ROIs using coordinates as given 

in the literature. Future research using another method of ROI analysis, such as 

Brodmann-based anatomical masks or using coordinates from prior functionally 

defined regions in the same sample (Jardri et al., 2009) could further validate our 

findings. Finally, future studies could benefit from including a measure to control for 

factors such as other symptoms that may co-vary with AVHs, as well as effects of 

medication, which have been suggested to have neurotrophic properties which could 

affect cortical thickness in treated subjects compared to untreated ones (Lieberman 

et al., 2005). The present investigation did not control for medication effects as we 

studied a homogeneous sample of chronic patients with severe medication-resistant 

hallucinations. Given that regional volume alterations have also been found in VBM 

studies of subjects with an at-risk mental state for psychosis (Borgwardt et al., 2007; 

Meisenzahl et al., 2008; Pantelis et al., 2003), such population might represent an 

excellent opportunity to explore neuroanatomical abnormalities linked to specific 

symptoms free from potential influences of undergoing chronic antipsychotic 

treatment. 

In conclusion, this study used VBM for the first time to study structural 

covariance dependent on severity of AVHs. The main finding was that hallucination 

severity modulated cortical intercorrelations of regional volumes within a speech 

processing and verbal monitoring network of frontotemporal regions, supporting the 

critical role of their interplay in the neurobiology of hallucinations. 
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ABSTRACT 

 

BACKGROUND. One of the most influential cognitive models of auditory-verbal 

hallucinations (AVH) suggests that a failure to adequately monitor the production of 

one’s own inner speech leads to verbal thought being misidentified as an alien voice. 

However, it is unclear whether this theory can explain the phenomenological 

complexity of AVH. We aimed to assess whether subjective perceptual and 

experiential characteristics may be linked to neural activation in the inner speech 

processing network. 

METHODS. 22 patients with schizophrenia and AVH underwent a 3T MRI-scan 

while performing a metrical stress evaluation task, which has been shown to activate 

both inner speech production and perception regions in healthy controls. Regions of 

interest (ROIs) comprising the putative inner speech network were defined using the 

Anatomical Automatic Labeling system. Correlations were calculated between scores 

on the ‘loudness’ and ‘reality’ subscales of the Auditory Verbal Hallucination Scale 

(AHRS) and activation in these ROIs. Secondly, the AHRS subscales, and general AVH 

severity, indexed by the PANSS, were correlated with a language lateralization index. 

RESULTS. Louder AVH were associated with reduced task-related activity in a 

set of brain regions involved in the processing of inner speech, potentially due to a 

competition for shared neural resources. Reality on the other hand, was found to be 

associated with reduced language lateralization. 

CONCLUSION. AVH may acquire perceptual characteristics through activation 

of the inner speech processing network. However, a relatively increased contribution 

from right hemisphere language areas may be responsible for the more complex 

experiential characteristics, including the sense of how real AVH are. 
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INTRODUCTION 

 

Auditory-verbal hallucinations (AVH) are a prominent feature of schizophrenia. It 

has been estimated that 70 % of all patients experience hallucinations at some point 

during the course of their illness (Aleman & Laroi, 2008). There is however 

considerable phenomenological variability in the experience of auditory 

hallucinations.  In a seminal study, Nayani and David (1996) administered a semi-

structured questionnaire to 100 psychotic patients with a history of hallucinations in 

order to systematically characterize their AVH. They observed considerable 

interindividual variability in both form and content of the AVH. Given the evident 

heterogeneity of AVH, a finer subcategorization is conceivable, and is likely to have 

important theoretical, clinical and empirical implications. Different aspects of AVH 

may have differing cognitive and neural substrates, and a single-deficit theory is 

unlikely to be able to explain such a complex event as AVH (Waters, Badcock, Michie, 

& Maybery, 2006). Most modern theories agree on AVH as internally generated 

events that are misattributed to an external source (Allen, Aleman, & McGuire, 2007). 

One of the most influential cognitive models suggests that a failure to adequately 

monitor the production of one’s own inner speech may lead to a loss of agency, in 

which case verbal thought is misidentified as an alien voice. This inner speech theory 

has been relatively well studied using neuroimaging methods. Inner speech was found 

to recruit activation of speech production areas, namely inferior frontal cortex and 

insula. The monitoring of inner speech, as well as auditory imagery were associated 

with activity in the superior temporal cortex and anterior cingulate (Allen et al., 2007). 

Studies in patients with auditory hallucinations have revealed that the inner speech 

network may be functionally altered compared to non-hallucinators and healthy 

controls, and that particularly the monitoring subpart of the network seems to be 

affected (Shergill et al., 2001). Interestingly, neuroimaging studies of AVH-related 

activity have found that similar brain areas are involved during the perception of 

hallucinated voices (McGuire, Shah, & Murray, 1993; Dierks et al., 1999; Shergill, 

Bullmore, Simmons, Murray, & McGuire, 2000). Consequently, it has been suggested 

that the processing of (inner) speech and the spontaneous generation of AVH may 
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compete for the same neurophysiological resources (McGuire et al., 1995). However, 

the elegant and parsimonious inner speech explanation has largely overlooked the 

question of whether AVH are phenomenologically consistent with inner speech 

(Jones, 2008). AVH have a distinct ‘auditory’ quality that is typically lacking in normal 

inner speech. In addition, AVH sound like a real voice, that is distinguishable from the 

own inner voice. To our knowledge, no studies to date have assessed whether and 

how these salient phenomenological characteristics of hallucinated voices relate to 

inner speech processing, although it has been suggested that in particular the 

aberrant activation of the posterior temporal subpart of the network, involved in 

speech perception, could lend AVH the ‘sensory’ qualities that are ultimately so 

defining of the experience of a ‘voice’. We therefore aimed to assess whether these 

sensory/perceptual characteristics may be linked to activity in the inner speech 

network, during a behaviourally controlled inner speech production task. We chose to 

employ the commonly used Auditory Hallucination Rating Scale (AHRS), to document 

AVH characteristics, and focused on the two subscales relating to the perceptual 

quality of AVH, namely ‘loudness’ and ‘reality’ (Hoffman et al., 2003). From a 

phenomenological standpoint, the former could be construed as one of the most 

salient perceptual characteristics, distinguishing AVH from intrusive thoughts and 

normal verbal thought in a quantitative, rather then qualitative way (Moritz & Laroi, 

2008). ‘Reality’ has been defined as a hallmark of AVH (Bleuler, 1911; Aggernaes, 

1972), and describes a high degree of conviction that the AVH resembles a real human 

voice. ‘Loudness’ may be taken as a unidimensional and quite clearly defined sensory 

characteristic, whereas ‘reality’ refers more to the experiential quality of the AVH as a 

true voice with a particular identity. 

We expected to find an attenuated response in the inner speech network, as a 

function of the perceptual quality and experiential complexity of the hallucinations, 

due to increased competition for shared neural resources. Based on literature review 

(Allen, Laroi, McGuire, & Aleman, 2008), we identified a bilateral set of Regions of 

Interest (ROIs) that comprise the putative inner speech processing network, including 

the opercular (IFGo; BA 44) and triangular (IFGt; BA 45) part of the inferior frontal 

gyrus, insula (BA 13/14), supplementary motor area (SMA; BA 6 ), superior temporal 
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gyrus (STG; BA 22), and anterior cingulate cortex (ACC; BA 24), as well as additional 

areas thought to be instrumental mediators in language processing, namely middle 

temporal gyrus (MTG; BA 21), angular gyrus (BA 39) and supramarginal gyrus (BA 40). 

Secondly, we were interested in a potential link between AVH characteristics and 

language lateralisation. Anatomical and functional studies have provided evidence of 

a reduction in the normal cerebral asymmetry in schizophrenia, compared to healthy 

controls (see Sommer, Ramsey, Aleman, Bouma & Kahn (2001) for a meta-analysis). 

Particularly, general severity of AVH has been related to reduced lateralisation of 

language functions (Sommer, Ramsey, & Kahn, 2001). We sought to investigate 

whether gradations of lateralisation in linguistic processing could be linked to 

variability in important features of AVH, such as loudness and perceived reality.  

We selected a patient sample that was relatively homogeneous with regard to 

clinically rated general severity of AVH. In each of the subjects, AVH were rated as 

moderately severe to quite severe (a score of 4, 5 or 6 on the hallucination item of the 

Positive And Negative Syndrome Scale; PANSS; Kay, Fiszbein, & Opler, 1987), all 

patients were considered to be chronically ill, and medication resistant with regard to 

AVH presence. However, as suggested by the literature, phenomenologically, there 

was considerable variability in the actual subjective perceptual and experiential AVH 

features, which was our major research interest. 

 

METHODS 

 

Subjects 

Twenty-two right handed patients (11 males) meeting DSM IV criteria (APA, 

1994) for schizophrenia were recruited from inpatient as well as outpatient facilities of 

the University Medical Center Groningen, and mental health clinics in the provinces of 

Drenthe, Friesland and Groningen. Diagnosis was confirmed by a trained rater, using 

the Schedules for the Clinical Assessment in Neuropychiatry (SCAN; Giel & Nienhuis, 

1996). In the week prior to participating in the fMRI experiment, psychotic symptoms 

were assessed with the Dutch version of the Positive and Negative Syndrome Scale 

(PANSS). Phenomenological characteristics of the AVH were assessed with the 
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Auditory Hallucination Rating Scale (AHRS), with particular interest in the subscales 

‘loudness’ and ‘reality’. Age ranged from 18 to 60, with a mean of 36.18 (SD=12.31). All 

but one of the patients were on stable doses of antipsychotic medication at the time 

of participation. Nineteen patients received atypical antipsychotic medication, two 

patients received typical antipsychotic medication, two received a combination of 

both and one patient was unmedicated. All patients were classified as medication 

resistant with regard to AVH, defined by the persistence of AVH in face of at least two 

trials, consisting of at least 6 weeks of treatment at adequate dosage, with different 

antipsychotic medications. Detailed demographical and clinical data are presented in 

table 1. After complete oral and written description of the study to the subjects, 

written informed consent was obtained. 

 

 Mean Std.Dev Minimum Maximum 

AGE (years) 36.18 12.31 19 60 
EDUCATION LEVEL 

(years) 

14.00 1.89 12 18 

AGE AT ONSET 

(years) 

23.82 9.56 9 51 

No OF HOSPITAL 

ADMISSIONS 

3.56 2.53 1 10 

MEDICATION, CPZ 

equivalents 

580 466 0 1400 

AHRS loudness 2.95 1.05 1 5 
AHRS reality 3.77 1.54 0 5 
AHRS total 25.68 5.88 12 36 
PANSS P3 4.77 0.61 4 6 
PANSS positive 16.18 4.18 10 23 
PANSS negative 14.45 4.37 7 24 
PANSS general 30.64 8.40 17 49 

 

Table 1 summarizes the demographical and clinical characteristics of the patient 
sample (n=22). 

 

Procedure 

The metrical stress evaluation task consisted of two conditions and a baseline 

comparison in an interleaved block design. The baseline condition consisted of a 30 

second display of a centrally placed fixation cross. In the active task conditions, 
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bisyllabic Dutch nouns were visually presented in the middle of the screen, in white 

letters on black background. Each stimulus was presented for 2.5 seconds, followed by 

a 2.5 second display of a fixation cross. Each block consisted of 12 stimuli, whose order 

was randomised within blocks. During the ‘semantic’ condition, subjects were simply 

required to decide with a button press whether the word represented a positive or 

negative concept. Examples of positive items are ‘peace’, ‘summer’ etc. Negative 

items on the other hand were, for example, ‘sadness’, ‘loss’. Words were matched for 

length and frequency. However, of interest for the current investigation is the 

‘phonology’ condition, during which subjects judged the metrical stress of the same 

visually presented words. Metrical stress was on the first syllable in half of the stimuli. 

Subjects indicated with a button press whether the stress was on the first or the 

second syllable. The phonological task requires active generation of the appropriate 

phonological code from memory, and has been shown to activate both inner speech 

production and perception regions in healthy controls (Aleman et al., 2005). A total of 

two runs were presented, each consisting of 8 active, and 8 resting blocks. 

 

Image acquisition 

Functional MRI scanning was performed on a 3 tesla Philips Intera Scanner (Best, 

The Netherlands). Functional T2*-weighted images were acquired using gradient-

echo echoplanar imaging [echo time (TE): 30 ms; repetition time (TR): 2500 ms; flip 

angle: 80°; FOV: 224.0;136.5;224.0]. Images were acquired in 39 contiguous 3.5 mm 

slices. Functional images were acquired during two runs of 11 min (320 volumes per 

run). A high-resolution T1-weighted turbo field echo structural scan was also acquired 

for each participant. 

 

Data analysis 

Descriptive data for the demographic and clinical variables are given in table 1. 

Data processing of the fMRI data was carried out with SPM5 (The Wellcome 

Department of Imaging Neuroscience, London, UK; 

http://www.fil.ion.ucl.ac.uk/spm/). Functional images were first realigned, and then 

coregistered to the same virtual space with the anatomical data. Images were 
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transformed to standard MNI space (Evans, Collins, & Milner, 1992), and smoothed 

with a 10 mm Gaussian Kernel. ROIs were defined according the Anatomical 

Automatic Labeling library (AAL; (Tzourio-Mazoyer et al., 2002)), and included 

bilateral inferior frontal gyri (IFG), opercular and triangular parts, and bilateral 

superior and middle temporal gyrus (STG; MTG), insula, supplementary motor area 

(SMA), angular and supramarginal gyrus, and anterior cingulate gyrus (ACC). 

Individual subject images were analyzed at the first level to produce estimates for the 

contrast of interest (phonology condition – baseline) with a p-value of .001 

(uncorrected). The contrast phonology condition – baseline, rather then the active 

semantic control condition was chosen in order to maximize the potential to identify 

phonology-related activity in the pre-defined language related ROIs (see figure 1). 

Estimates of the signal change for the contrast of interest were extracted using the 

Marsbar toolbox for SPM. Nonparametric correlations (Kendall’s tau) were calculated 

between scores on the AHRS subscales ‘loudness’ and ‘reality’ on the one hand and 

the extracted contrast values on the other hand. Secondly, a language lateralization 

index was computed as follows: data from the left and right hemisphere ROIs 

encompassing the language processing network were combined to achieve a general 

index of language lateralisation, according the method used by Sommer et al. 

(2008b). Correlations were assessed between ‘loudness’ and ‘reality’ and the general 

hallucination severity as measured with the hallucination item (P3) of the PANSS on 

the one hand and the language lateralization index on the other hand. In order to 

compensate for the calculation of multiple correlations, FDR correction at α=.05 was 

applied, according to the method described by Benjamini & Hochberg (2000). 
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Figure 1 shows the pattern of activation derived during the phonological task 
condition of the metrical stress evaluation task, at the group level (n=22). Group 
results are displayed for illustrative purposes, as for the ROI analysis, individual subject 
images were analyzed at the first level to produce estimates for the contrast of 
interest (p<.001, uncorrected). The phonology condition was contrasted with the 
resting baseline, rather then the active semantic control condition, in order to 
maximize the potential to identify linguistic activity in the pre-defined language 
related ROI’s. Estimates of the signal change for the contrast of interest were then 
extracted using the Marsbar toolbox for SPM. 

 

RESULTS 

 

Significant negative correlations were observed between ‘loudness’ and 

activation of the left and right angular [respectively, τ=-.56; p=.0003, τ=-.56; p=.0002], 

left and right ACC [τ=-.42; p=.006, τ=-.44; p=.004], and left triangular IFG [τ=-.43; 

p=.005], as well as the left opercular part of the IFG [τ=-.40; p=.009], left MTG [τ=-.50; 

p=.001], and left insula [τ=-.38; p=.01]. No significant correlations were observed for 

the ‘reality’ subscale. This scale however, did correlate negatively with the language 
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lateralization index [τ=-.33; p=.03] (see figure 2). Loudness, on the other hand, did not. 

No significant correlations were observed for the score on the hallucination item (P3) 

of the PANSS. 

 

 
 

Figure 2 shows the scatterplot of the negative correlation between the language 
lateralization index and scale ‘reality of AVH’, which indexes the global experiential 
sense of how real the hallucinated voices appear to the subject, as indicated on a 
scale from 0 (not real at all) to 5 (very real). 

 

DISCUSSION 

 

In this study we investigated the association between phenomenological 

variability in the perceptual characteristics of hallucinated voices and activation of the 

inner speech processing network. Subjective loudness of AVH was found to correlate 

negatively with task related activation in a distributed network of areas involved in 

inner speech processes. The sense of ‘reality’ associated with the voice hearing 

experience on the other hand was linked to reduced language lateralization. 

The inner speech network may be divided into functional subparts, subserving 

different aspects of the inner speech experience. The inferior frontal gyrus, and the 

insula are two regions implicated in the production of inner speech (i.e. the ‘inner 

voice’), and are known to be activated when people imagine perform mental auditory 
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imagery. Temporo-parietal structures, such as the angular gyrus, which is part of 

Wernicke’s area, are more involved in the receptive aspect of inner speech. The MTG 

then has been implicated in imagining hearing others’ speech, and probably relates to 

the monitoring of inner speech as it is produced (McGuire et al., 1995). Each of these 

areas showed reduced activation during the phonological processing task, as the 

perceived loudness of the AVH increased. It has previously been suggested that AVH 

and inner speech may compete for the same neurophysiological resources (Woodruff 

et al., 1997). The negative correlation observed with perceived loudness of AVH 

therefore seems to indicate that as AVH become more perceptually salient (i.c. 

louder), they take up more resources involved in the processing of inner speech, 

resulting in a reduction of task-related activity. Thus, inner speech production, and the 

presumably subsequent perception/evaluation is involved in developing the sensory 

quality of the AVH experience. Activation in regions employed in the meta-cognitive 

act of monitoring inner speech, that is, the MTG and the anterior cingulate, was 

reduced as well with increased AVH loudness. Shergill et al. (2003) showed that 

parametric variations in the rate of inner speech production linearly influenced 

neuronal response in these monitoring regions. This fits with our observation that as 

the perceptual salience of the AVH increases, fewer resources seem available to 

monitor processing during the phonological task. 

Inner speech theory possibly fails to account for other potentially clinically 

relevant characteristics of AVH. Perceived reality, the extent to which the AVH 

resembles a real voice, did not relate linearly with inner speech production, perception 

or monitoring activity. This also seems to suggest that the sense of how real a voice is, 

does not immediately relate to the simple perceptual quality of the experience, such 

as loudness. Arguably, the AVH may be experienced as quite real, even though it is 

perceived as a mere whisper, and vice versa may not sound much like a human voice 

even though it is loud and salient. Stephens & Graham (2004) have indeed argued that 

“something can count as a voice, without being experienced as audition-like, or 

mistaken for sensory perception of another’s speech”. Inner speech theory therefore 

seems insufficient to explain the full richness of this type of experience. It seems more 

fitting to conceive of the ‘voice experience’ as a multidimensional and highly 
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individually determined event. It is likely that the experience of AVH entails an 

involved multiple-step process, in which activation of inner speech areas represent 

just one aspect, namely, the relay of perceptual qualities to aberrantly activated 

linguistic material. Other, higher order attribution processes are likely involved in 

giving meaning to the anomalous sensory experience. An externalising bias may lead 

to the (mis-) attribution to a non-self source. Linking delusional beliefs to the 

experience may provide an identity to the voice. One theory (Waters et al., 2006) 

states that AVH are in fact unintentional activations of episodic memories. The failure 

to inhibit thoughts of a memory after deciding it is irrelevant has been shown to result 

in intrusive thoughts. Additionally, the loss of context information may lead to 

memory representations being confused with ongoing reality. Specifically, in the case 

of AVH, the source could be memories of verbal thoughts, or of conversations both 

with others and with the self. Our data suggest that aberrant re-activation of the inner 

speech processing network then lends the intrusive verbal thought its typical sensory 

quality.  

Interestingly, we found that the sense of ‘reality’ was related to reduced 

lateralisation of activation during the language task. Language processing in healthy 

right-handers is typically subserved by the left hemisphere, whereas evidence from 

structural and functional neuroimaging studies indicates that patients with 

schizophrenia may be characterized by a reduction in language lateralisation, both in 

first episode and in more chronic variations of the illness (Bleich-Cohen, Hendler, 

Kotler, & Strous, 2009; Li et al., 2007; Zhang et al., 2008). It has been suggested that 

enhanced contribution of the right hemisphere to language processes, and the 

appearance of psychosis may jointly be caused by alterations in a genetic factor, the 

so called “right shift factor”, responsible for the normal development of brain 

asymmetry (Crow, Done, & Sacker, 1996). Accordingly, imaging studies have found a 

connection between reduced lateralisation and the positive symptom domain, or with 

AVH in particular (Sommer et al., 2001; Li et al., 2007; Weiss et al., 2006). Various 

theories have proposed that a relative increase in the activation of the right 

hemisphere may influence the emergence of hallucinations (Annett, 1999). This thesis 

goes back to an idea first proposed by Julian Jaynes (1979) who argued that in early 
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civilisations, man frequently observed “voices”, which were attributed to divine 

origins, but that in fact arose from a relatively autonomously functioning right 

hemisphere. More recently, the hypothesis has been advanced that it is inner speech 

originating from activity in right hemisphere homologues of language regions that is 

perceived as alien, and hence an auditory-verbal hallucination, by the language-

dominant left hemisphere. Self-produced linguistic activity normally leads to 

inhibition of language perception areas. This mechanism may be more prone to failure 

when the activity is derived from an unusual site (i.e. the right hemisphere), which 

would in turn cause verbal thought to be misattributed to an external agent. Recently, 

Angrilli et al. (2009) showed, by comparing different language tasks in an EEG 

paradigm, that abnormal lateralization was specific to the phonological domain in 

schizophrenia, although they did not link this finding to specific symptom dimensions. 

In the present study we similarly employed a phonological task. Our results then 

extend the findings from Angrilli et al. by showing that that a particular symptom 

characteristic, namely, the sense of ‘reality’ associated with the voice experience 

relates to a greater shift from the normal cerebral asymmetry. Language functions of 

the right hemisphere are typically related to more pragmatic (and less linguistic) 

aspects of language, e.g. prosody (speech melody). It is therefore conceivable that 

enhanced contributions of this hemisphere to the language experience is associated 

with richer, more detailed AVH. If AVH represent abnormalities in the production, 

perception and monitoring of inner speech, which is mostly accomplished in the left 

hemisphere, co-activation of the right hemisphere during linguistic processing 

possibly enriches the language experience with non-linguistic detail such as prosodic 

information, making it harder to distinguish the final inner percept from external 

speech. 

Future research may seek to address a number of issues that require further 

clarification. Firstly, we specifically chose to focus on specific perceptual aspects of 

AVH as they relate to the inner speech theory, but other variations in the 

phenomenological experience, such as spatial location (Hunter et al., 2003), may hold 

additional clinical relevance and might be linked to specific cognitive and neural 

processes. It would be interesting to see whether these variables could also be linked 
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to specific cognitive processes or deficits and their underlying neural correlates. 

Secondly, we did not include a control group of healthy subjects or non-hallucinating 

patients, as we were primarily interested in the quantitative relationship between 

symptom expression and activation of specific brain areas. We can therefore not 

comment on whether task performance on a behavioural and neural level was 

abnormal in some way. Thirdly, unlike previous reports, we did not find a correlation 

between general hallucination severity, as indexed by the PANSS hallucination item, 

and language lateralization. This is most likely due to our study design, namely the 

fact that the group was selected to be homogeneous with regard to hallucination 

severity as defined by clinical standards. All subjects scored a 4, 5 or 6 on the PANSS 

P3 item. Although AVH were rated as severe, individual variations in “loudness” and 

“reality” still existed in this subgroup of chronic, medication resistant patients, and we 

were able to link this variability in the phenomenological domain to neurobiological 

variations. 

In sum, these results point to a link between inner speech processes, including 

the generation and monitoring of inner speech, and the perceptual salience of AVH in 

terms of perceived loudness. However, inner speech theory seems insufficient to 

explain the full phenomenological complexity of AVH. Additional abnormalities within 

the language processing system and post hoc attributions are probably required to 

produce the complex and rich experience of AVH. In that vein, it was shown that 

reduced language lateralisation contributes to the more general sense of “reality” of 

the experienced voices. 
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ABSTRACT 

 

BACKGROUND. Neuroimaging findings implicate bilateral superior temporal 

regions in the genesis of auditory-verbal hallucinations (AVH). This study aimed to 

investigate whether 1 Hz repetitive transcranial magnetic stimulation (rTMS) of the 

bilateral temporo-parietal region would lead to increased effectiveness in the 

management of AVH, compared to left rTMS or placebo. 

METHODS. 38 patients with schizophrenia (DSM-IV) and medication-resistant 

AVH were randomly assigned to 1 Hz rTMS treatment of the left temporo-parietal 

region, bilateral temporo-parietal regions, or placebo. Stimulation was conducted 

over 6 days, twice daily for 20 minutes, at 90% of the motor threshold. Effect 

measures included the Auditory Hallucination Rating Scale (AHRS), Positive and 

Negative Affect Scale (PANAS), and a score for hallucination severity obtained from 

the Positive and Negative Syndrome Scale (PANSS).  

RESULTS. All groups showed some improvement on the total AHRS. 

Hallucination frequency was significantly reduced in the left rTMS group only. The 

bilateral rTMS group demonstrated the most remarkable reduction in self-reported 

affective responsiveness to AVH. A modest, but significant decrease on the PANSS 

hallucination item was observed in the combined rTMS treatment group, whereas no 

change occurred in the placebo group. The left rTMS group showed a significant 

reduction on the general psychopathology subscale. 

CONCLUSION. Compared to bilateral or sham stimulation, rTMS of the left 

temporo-parietal region appears most effective in reducing auditory hallucinations, 

and additionally may have an effect on general psychopathology. Placebo effects 

should however not be ruled out, since sham stimulation also led to improvement on a 

number of AVH parameters. 
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INTRODUCTION 

 

Auditory-verbal hallucinations (AVH) constitute one of the core symptoms of 

schizophrenia. Approximately 50 to 70% of all patients with schizophrenia report 

hearing ‘voices’ at some point during the course of the illness (Andreasen & Flaum, 

1991). Furthermore, AVH persist in about 25% of cases, despite adequate treatment 

with antipsychotic agents (Shergill, Murray, & McGuire, 1998). Since the advent of 

neuroimaging techniques, there has been considerable interest in relating AVH to 

underlying brain structures and functions. Converging evidence from neuroimaging 

studies points to the involvement of speech production and perception areas in the 

genesis of AVH. Several structural neuroimaging studies have linked increased 

severity of AVH to volume reductions of temporal structures, particularly of the 

superior temporal gyrus (STG), mostly in the left hemisphere, but sometimes 

bilaterally (Onitsuka et al., 2004; Gaser, Nenadic, Volz, Buchel, & Sauer, 2004; 

Neckelmann et al., 2006). Functional neuroimaging studies furthermore suggest that 

in addition to secondary, and occasionally primary sensory cortices, abnormal 

activation in a distributed network of prefrontal, cingulate, limbic, subcortical and 

cerebellar regions appears to contribute to the experience of AVH (Shergill, Brammer, 

Williams, Murray, & McGuire, 2000; Lennox, Park, Medley, Morris, & Jones, 2000), and 

for a review, see Allen, Laroi, McGuire, & Aleman, 2008).  

Transcranial Magnetic Stimulation (TMS) is a non-invasive technique that 

enables safe, relatively painless focal brain stimulation in humans. In repetitive TMS 

(rTMS) a train of pulses of the same intensity is delivered to a single brain area at a 

given frequency. Low frequencies (≤ 1 Hz) can suppress excitability of cortical neurons 

(Pascual-Leone, Davey, Rothwell, Wassermann, & Puri, 2002). This observation 

suggests a therapeutic value against pathological neuronal hyperactivity observed in 

AVH (Hoffman & Cavus, 2002). Several studies have reported that application of low 

frequency rTMS over the left temporo-parietal cortex in patients suffering from AVH 

leads to an amelioration of symptoms, lasting for several weeks following treatment 

cessation (Poulet et al., 2005; Chibbaro et al., 2005; Hoffman et al., 2003; d'Alfonso et 

al., 2002; Hoffman et al., 2005; Lee et al., 2005). In contrast, some experimental trials 
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have yielded null effects or mixed results (Schonfeldt-Lecuona et al., 2004; McIntosh 

et al., 2004). On closer inspection, methodological variables, such as the use of 

intermittent rather than continuous stimulation, may explain the absence of effect in 

these studies. Taken together results have generally been positive. This has been 

supported by two recently published meta-analyses that confirmed the superiority of 

rTMS over placebo treatment in reducing medication-resistant AVH (Aleman, 

Sommer, & Kahn, 2007; Freitas, Fregni, & Pascual-Leone, 2009).  

Most treatment studies of rTMS effects on hallucination symptoms have 

restricted stimulation to the left superior temporal area. However, evidence from 

neuroimaging studies point to potential bilateral temporal cortex involvement in the 

genesis of auditory hallucinations (Shergill et al., 2000; Lennox et al., 2000; Lennox, 

Park, Jones, & Morris, 1999). The current study sought to investigate whether bilateral 

stimulation could improve efficacy of the rTMS protocol, compared to left STG 

stimulation alone, and sham stimulation. Whereas left superior temporal areas are 

hypothesized to be involved in ‘speech’ perception during hallucinations, i.e. the 

comprehension of the phonological and semantic characteristics of the hallucinated 

content, right temporal cortex may be more associated with the processing of 

prosody and the emotional salience, as AVH are often derogatory and hostile in 

content. Accordingly, left STG stimulation seems most effective in treating relatively 

simple characteristics of AVH, such as frequency, loudness and attentional salience. 

We hypothesized that a bilateral treatment would contribute towards a more 

complete management of the symptoms, not only diminishing frequency of AVH, but 

also affecting emotional salience.  

 

METHODS 

 

Subjects 

Thirty-eight patients were recruited from in- and outpatient facilities of four local 

psychiatric hospitals (Mental Health Care Centers of the provinces Drenthe, 

Groningen, and Friesland, and the Department of Psychiatry at the University Medical 
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Center Groningen, The Netherlands). Prior to participation, patients received written 

and oral information on the procedures and goals of the study, and informed consent 

was obtained. One subject withdrew from the study, during the first week of 

treatment, due to exacerbation of psychotic symptoms, which her clinician ascribed to 

personal circumstances and not to any specific rTMS-related effect. A second subject 

was excluded, because she failed to comply with the medication requirement (i.e. she 

started using additional medication during the course of the rTMS treatment). All 

patients fulfilled the DSM-IV criteria for schizophrenia. Diagnoses were based on 

clinical assessment by the patient’s physician and subsequently confirmed by a trained 

interviewer (A.V.), using the Schedules for Clinical Assessment in Neuropsychiatry 

(SCAN; Giel & Nienhuis, 1996) prior to inclusion in the study. Patients were admitted 

to the study if they reported frequent medication resistant AVH (at least daily). 

Medication resistance was defined as the daily AVH occurring in face of at least two 

adequate trials of antipsychotic medications. All subjects were treated with stable 

doses of antipsychotic medication for at least 4 weeks prior to study inclusion, and this 

dose was unchanged for the duration of the study. Exclusion criteria included TMS and 

MRI contraindications: a personal or family history of epileptic seizures, a history of 

significant head trauma or neurological disorder, the presence of intracerebral or 

pacemaker implants, inner ear prosthesis or other metal prosthetics/implants, severe 

behavioral disorders, current substance abuse, and pregnancy. Competence to give 

informed consent was assessed by the patient’s physician. Enrolment in the study 

spanned the period of September 2006 to January 2009. Patients were either 

admitted to an inpatient care unit for the duration of the trial (e.g. when daily travel to 

the research center was too demanding), or participated as outpatients, admitted to 

the day-hospital. Demographical and clinical characteristics are provided in Table 1. 
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 Left 

group 

Bilateral 

group 

Placebo 

group 

p-value 

Age 

years, mean (SD) 

33.75 
(14.21) 

33.83 
(9.27) 

36.50 
(12.92) 

n.s. 

Gender 

N, m/f 

6/6 6/6 6/6 n.s. 

Education 

years, mean (SD) 

13.82 
(2.04) 

13.58 
(1.00) 

13.82 
(2.44) 

n.s. 

Age at onset 

years, mean (SD) 

25.82 
(11.89) 

22.55 
(3.47) 

21.42 
(7.76) 

n.s. 

Duration of illness 

Months, mean (SD) 

117.82 
(101.51) 

143.36 
(133.19) 

180.92 
(165.28) 

n.s. 

No. of hospitalizations 

mean (SD) 

3.00 
(2.16) 

3.22 
(3.11) 

4.78 
(3.49) 

n.s. 

Medication 

CPZ equivalent dose,  

mean (SD) 

563.89 
(346.25) 

746.60 
(445.00) 

355.00 
(367.76) 
 

Placebo < 

bilateral; 

p=.05 

TMS Motor Threshold 

mean (SD) 

53.92 
(7.17) 

52.67 
(8.72) 

N.A. n.s. 

 

Table 1 summarizes the demographical and clinical characteristics of the three 
treatment groups. Group differences on continuous variables were tested with t-tests, 
and on categorical variables with χ2 tests. 

 

Procedure 

rTMS protocol 

Institutional review board approval (University Medical Center Groningen) was 

obtained for the procedure as described below. Patients were randomly allocated to 

one of three treatment conditions. A power analysis based on a study with a similar 

design (Brunelin et al., 2006) revealed that a power of .80 would be attained with the 

inclusion of 12 subjects per group. One group of 12 patients received left sided rTMS, 

and another group of 12 patients received bilateral rTMS, each over the course of 6 

consecutive work days, with two sessions each day, similar to the procedure of 

Brunelin et al. (2006). A third group of 12 patients constituted the placebo control 

group and received sham stimulation for the same amount of time. A double blind 

parallel design was used, in which only the TMS administrator (A.V.) was aware of the 
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intervention type. Thus participants, clinical raters, and all personnel responsible for 

the clinical care of the patients were blind to the allocated condition.  

A Magstim Rapid System (Magstim Company Ltd, Whitland, Wales) was used for 

the administration of the TMS pulses, with a 70 mm figure-of-eight coil. In each of the 

subjects in the active TMS conditions the resting motor threshold (MT) was assessed 

on the first day of the trial, by determining the lowest stimulation intensity at which 

an observable movement of any of the digits of the dominant hand could be elicited in 

5 out of 10 administrations of a magnetic pulse on the primary motor cortex (Schutter 

and van Honk, 2006). The approximate site of the primary motor cortex was 

determined using the 10-20 International System of electroencephalographic 

electrode positions. Subsequently, coil position was adjusted in order to obtain an 

observable motor response.  

Stimulation sites during the trial were again determined using the 10-20 

International System. Subjects were fitted with standard issue EEG caps (Easycap 

GmbH, Germany), with the electrodes and electrode holders removed. In the left 

condition, stimulation was administered to the temporo-parietal cortex, halfway 

between the T3 and P3 electrode position (Hoffman et al., 2003). In the bilateral 

condition, stimulation was administered to the same location as the left sided 

stimulation for half the duration of the session, and during the second half of the 

session, stimulation was switched to the temporo-parietal region of the right 

hemisphere, halfway between the T4 and P4 electrode position. Stimulation was 

performed at 90% of resting MT. Sham stimulation was performed on the same 

location as the left sided stimulation, with the use of a Magstim sham coil, which does 

not deliver a measurable magnetic field, but does produce the same clearly audible 

clicking sound, at the same frequency of 1 Hz. Patients received a total of 12 rTMS 

sessions, each lasting 20 minutes, consisting in total of 14400 pulses. Treatment was 

conducted over the course of 6 working days, with a two day weekend delay after day 

three. There was always a minimum 5 hour delay in between subsequent sessions.  
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Patient assessments 

All patients were assessed using both clinical measures and self-report scales. A 

semi-structured interview (Positive and Negative Syndrome Scale; PANSS; Kay, 

Fiszbein, & Opler, 1987), indexing positive, negative and general symptomatology, 

was conducted by two trained interviewers one or two days prior to the start of the 

rTMS treatment, and a maximum of two days after completion of the rTMS protocol. 

Patients filled out the following questionaires: the Auditory Hallucination Rating Scale 

(AHRS; Hoffman et al., 2003), and a revised version of the Positive and Negative 

Affect Scale (PANAS; Watson, Clark, & Tellegen, 1988). The AHRS has frequently 

been used as an outcome measure in previous rTMS treatment studies. It contains 

seven items measuring different aspects of AVH: (1) Frequency (from 0 = no AVH to 9 

= (almost) uninterrupted), (2) Reality (from 0 = indistinguishable from thoughts to 5 = 

as real as an external voice), (3) Loudness (from 0 = too faint to be heard properly to 5 

= yelling or screaming), (4) Number of voices, (5) Length (from 0 = no words to 4 = 

multiple sentences), (6) Attentional salience (from 1 = does not affect me at all to 7 = it 

is the only thing I pay attention to), and (7) Distress level (from 1 = not distressing at all 

to 5 = producing significant anxiety or fear). The 20-item PANAS, comprises two 

mood scales, measuring positive and negative affect. Each item consists of an 

affective adjective (i.e. ‘excited’, ‘scared’, ‘content’ etc), and is rated on a 5-point scale 

ranging from 1 = very slightly or not at all to 5 = extremely, to indicate the extent to 

which the respondent has felt this way in the indicated time frame. The PANAS was 

adapted to apply to AVH epochs, i.e. subjects were requested to indicate to what 

extent they experienced the affective states during the periods that they were actively 

hallucinating.  

Questionnaires were administered one day before the start of the rTMS 

treatment, at the end of day six, and one week after completion of the rTMS 

treatment. After a three-month follow-up period the participants were de-blinded to 

the treatment condition, and were given the option to receive further treatment if the 

rTMS had been successful, and in case they had been allocated to the placebo group, 

active treatment with rTMS was offered. Patients were continuously monitored for 

adverse events during the course of the treatment, and filled out a questionnaire at 
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the end of the trial, on which they indicated (a) whether they had experienced any 

particular physical sensations during and after treatment (e.g. scalp sensations, 

muscle twitches etc.), (b) whether they believed they had received sham or real 

stimulation and (c) how certain they were of this judgement. 

 

Statistics 

In order to check for group differences with regard to demographical 

characteristics, chi square statistics for nominal variables and t-tests for continuous 

variables were used. Results from the self-report scales and the PANSS were analyzed 

using non-parametric statistics, as the data were not ordinal, and not normally 

distributed.  

For the self-report scales, difference scores were calculated by taking the score 

on the time points immediately following rTMS treatment and at one week follow up 

and subtracting the baseline score. Mood’s Median Test was employed to assess 

group differences in change scores. Then, in order to assess the general effect over 

the three time points (i.e. baseline, immediately after treatment and at one week 

follow up), Friedman’s ANOVAs were conducted on the raw questionnaire scores, and 

φ effect sizes are reported, where φ is defined as [ √(χ2/N) ]. Wilcoxon’s matched pairs 

tests were conducted within each of the individual groups to test whether the scores 

for the post-TMS time point and the one-week-follow-up time point differed 

significantly from the baseline scores. 

In the case of the PANSS, data for only 2 time points was available (i.e. baseline 

and immediately after treatment). Again change scores were calculated . and Mood’s 

Median Test was employed to assess group differences. Then, Wilcoxon’s matched 

pairs tests were conducted to assess the effect over time within individual groups. 

Effect sizes (ES) are reported, defined by [ Z-value/(√N) ] (Rosenthal, 1991). 

Descriptive data are presented for the number of responders in each of the treatment 

groups. 
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RESULTS 

 

TMS safety and tolerability 

No serious adverse events occurred. Seven patients in the real rTMS group 

showed observable twitching of the facial muscles (of the jaw, and around the eye). 

However, this was never experienced as painful. Four patients in the left rTMS, and 

four patients in the bilateral rTMS condition reported experiencing mild headache 

after the stimulation sessions. One patient in the placebo condition likewise reported 

mild headache. Other mild side-effects included a transient tingling sensation in the 

arm on the contralateral side of rTMS stimulation in a patient receiving bilateral rTMS. 

One patient in the left group reported having restless legs during stimulation, but she 

had a history of this. Another patient in this group experienced some light-

headedness during stimulation, and a third patient reported a transient earache on 

the stimulated side. In the placebo group, one patient observed a tingling sensation 

near his ear during sham stimulation. 

Out of the ten patients in the placebo group for which these data were available, 

five thought they had received real TMS. Similarly, in the group receiving left sided 

rTMS, half of the patients thought they had received placebo treatment. In the 

bilateral group, data were available for 9 patients, of which 2 thought they had 

received placebo treatment. We observed that the assessment that one had received 

placebo treatment was mainly motivated by a relative absence of treatment response, 

whereas the positive identification of the active rTMS treatment was based on the 

observation of mild physical side-effects, such as facial muscle twitches or scalp 

sensations. 

 

Self-report measures 

In terms of the total AHRS score, we observed no group differences in change 

scores. There was a significant main effect of time across all groups (χ2(2)=10.23; 

p<.01; φ=.60). When assessing effects of time within individual groups, comparison of 

the time point immediately after treatment to baseline revealed no significant effects. 

Comparison of the time point at one week follow up to baseline, approached the .05 
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significance level in the left and the bilateral group (T=7.00; z=1.83; p=.066; ES=.53, 

and T=9.00; z=1.86; p=.059; ES=.54, respectively). We then looked at the ‘frequency’ 

subscale, which in previous studies has often produced the strongest effect. Again, 

group differences in change scores failed to reach statistical significance, but a 

significant main effect of time was observed across all groups (χ2(2)=9.96; p<.01; 

φ=.59). When assessing effects of time within individual groups, comparison of the 

time point immediately after treatment to baseline revealed an effect only in the left 

rTMS group, approaching statistical significance (T=4.00; z=1.69; p=.09; ES=.49). At 

the one week follow-up assessment, both the left and the bilateral group, but not the 

placebo group showed a significant decrease from baseline (T=2.00; z=2.03; p=.043; 

ES=.59, T=0.00; z=2.02; p=.043; ES=.58, respectively; see figure 1).  

 

 

Figure 1 shows the self-reported ratings on the frequency subscale of the Auditory 
Hallucination Rating Scale. Both the left and the bilateral rTMS treatment groups 
showed a significant decrease on the measurement taken one week after the end of 
rTMS treatment. No significant effects were observed in the placebo group. Asterisks 
indicate a p-value < .05. 
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For the PANAS, group differences in change scores (immediately after rTMS 

minus baseline) approached significance only for the negative subscale (χ2(2)=5.00; 

p=.08; φ=.37). A significant main effect of time was observed for both the positive and 

the negative subscale (χ2(2)=7.76; p<.05; effect size φ=.53, χ2(2)=14.14; p<.001; effect 

size φ=.72, respectively). Within group assessments revealed that for the negative 

scale, both the left and the bilateral group showed a significant decrease at the time 

point immediately following treatment, compared to baseline (T=8.00; z=2.22; 

p=.026; ES=.64, T=9.50; z=2.09; p=.037; ES=.60, respectively). At one week follow up 

the effect remained significant only in the left group (T=5.00; z=2.29; p=.022, ES=.66). 

For the positive scale, a significant decrease was observed in the bilateral group, both 

immediately after treatment, and at one week follow up (T=3.50; z=2.25; p=.024; 

ES=.65, T=4.00; z=1.96; p=.050; ES=.57, respectively) 

 

Clinical outcome measures 

There was a main effect of group on the P3 change scores (χ2(2)=6.04; p<.05; 

φ=.41). When assessin the change over time within individual groups, aggregating 

both active rTMS treatment groups revealed a significant decrease on the PANSS 

hallucination item (T=3.50; z=2.03; p=.042; ES=.41; see figure 2). When the groups 

were analyzed separately, the effect approached significance only in the left group 

(T=0.00; z=1.83; p=.068; ES=.53).  
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Figure 2 shows the PANSS scores for the hallucination item (P3) for the rTMS 
groups, aggregating the left and the bilateral treatment group, and the placebo 
group. A significant decrease in hallucination severity was observed in the 
treatment group, but no change was found in the placebo group. Asterisks 
indicate a p-value < .05. 
 

There were no group differences in terms of change on the positive, negative or 

general psychopathology scales of the PANSS. Within group analyses showed that the 

left group improved significantly in terms of general psychopathology (T=3.50; z=2.82; 

p=.0047; ES=.81). The placebo group also showed a marginally significant 

improvement on this general scale (T=13.00; z=1.78; p=.075; ES=.51). 

 

Responder analysis 

When regarding an improvement of at least 1 point on the PANSS hallucination 

item as clinically relevant, in both the left and the bilateral group 4 out of 12 patients 

could be defined as responders. In the placebo group 3 responders were identified out 

of a total of 12 patients. On average however, the left and bilateral group improved 2 

points, whereas the average improvement in the placebo group was lower at 1.3. 
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Additionally, we defined responder status based on a minimum of 30% decrease on 

the AHRS frequency score. Immediately following treatment, both in the left and 

bilateral group there were 4 responders out of 12, and in the placebo group 3 out of 12. 

At one week follow up, data were available for 11 patients in the left group, and 3 

responders had survived. In the bilateral group, 3 responders could be identified out of 

10 patients from whom data were obtained. In the placebo group 2 out of 8 patients 

were identified as responders. 

 

DISCUSSION 

 

This is the first study examining the effect of bilateral 1 Hz rTMS on the severity 

of auditory-verbal hallucinations in a group of patients with medication resistant 

symptoms. The hypothesis that a concurrent targeting of both hemispheres with 

rTMS would lead to a more complete management of symptoms, specifically in terms 

of additional benefits in emotional, non-linguistic aspects of the AVH, could not be 

confirmed in this study. Rather, in terms of self-reported symptoms, it appeared that 

all groups, including the placebo group, improved to some extent. Yet, when we 

observed the AVH frequency of occurrence, which is the parameter previously found 

to be most responsive to rTMS treatment (Hoffman et al., 2005), only the active rTMS 

groups showed a statistically significant improvement over time. Symptom 

amelioration was characterized by a slight delay of effect, becoming most evident at 

the follow-up measurement, one week after the final rTMS session. The pattern of 

improvement over time was similar for both active TMS groups. It thus seems that 

bilateral stimulation generates no additional benefit with regard to the characteristics 

that in previous research proved to be most responsive to traditional rTMS treatment 

of the left hemisphere alone. This is in line with the findings of (Lee et al., 2005), who 

compared rTMS of the right STG to rTMS of the left STG, and found that both led to 

similar improvements in terms of hallucination frequency. A number of other studies 

that have targeted right hemisphere regions in isolation (i.e. not bilaterally) have 

provided mixed results. (Jandl et al., 2006) found that only left sided stimulation 

resulted in any effect, although in general mean group hallucination scores did not 
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differ between the conditions of right, left and sham TMS. (Hoffman et al., 2007) 

likewise observed beneficial effects of left STG stimulation, but stimulation of the 

auditory cortex was effective in both hemispheres. A smaller number of studies have 

investigated individually tailored, stereotactically guided rTMS treatment, based on 

brain activation patterns derived from fMRI or PET imaging. Case studies have 

provided encouraging evidence for the feasibility of MRI or PET-guided rTMS (Jardri et 

al., 2009; Dollfus et al., 2008; Langguth et al., 2006). A recent study (Sommer et al., 

2007) applied fMRI-guided rTMS treatment in a relatively large sample of patients. 

During fMRI scanning patients indicated periods of AVH activity by a button press and 

these were compared to AVH free epochs in order to obtain a functional map of 

hallucinations. Of the nine patients eligible for fMRI guided treatment, five showed 

AVH-related activity in the right temporo-parietal region, and four in the left. In cases 

where no adequate activation maps could be obtained, patients were allocated to the 

non-guided condition, and rTMS was applied to the left temporo-parietal area. 

Comparison of the treatment conditions revealed no differential effect upon the 

frequency of AVH. These results possibly indicate that the neural circuitry involved in 

AVH includes homologous speech processing areas of both hemispheres. 

Interestingly, as Andoh & Martinot (2008) suggested, interference with a local brain 

area (i.c. the left STG) might induce a functional reorganisation or compensatory 

action in remote areas homologous to the targeted area. For instance, Thiel et al. 

(2006) applied low frequency rTMS to the left IFG in healthy subjects, while 

simultaneously measuring language activity with PET. This intervention decreased left 

IFG activity locally, but increased right IFG activity, thereby demonstrating a 

rightward shift of language activity caused by a virtual ‘lesion’. This supports the 

hypothesis that a homologous region may be activated through the phenomenon of 

release from transcallosal inhibition. Applying left and right 1 Hz rTMS within one 

session may not have been the optimal strategy, as the consequent effects may have 

been annihilated by transcallosal influences. Theoretically, concurrent stimulation 

with low frequency of the left hemisphere, combined with high frequency of the right 

hemisphere could promote a larger effect. 
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Because the right hemisphere is involved in the non-linguistic aspects of 

language processing, such as emotional prosody and non-literal meaning 

comprehension, we expected that the affective impact of AVH may be influenced to a 

larger extent by bilateral rTMS treatment compared to left rTMS or sham. Data from 

the PANAS questionnaire indicates that both active treatment groups endorsed fewer 

negatively valenced items in the characterization of their AVH after treatment. 

Perhaps this effect follows from the decrease in AVH frequency observed in these 

groups. Hypothetically, patients’ attitude towards their voices may have improved 

simply due to the fact that the AVH became less disturbing. However, patients 

allocated to the bilateral condition showed a general decrease in emotional reactivity 

to their AVH, as they also scored lower on positive affect related to their AVH post 

treatment. It is therefore conceivable that stimulation of the right hemisphere has an 

impact on the affective salience of AVH. Patients were found to be less emotionally 

engaged, i.e. the responded in a more impassive way to the experience of their voices 

following bilateral treatment. 

Clinical ratings from the PANSS interviews mirrored the self-reported decrease in 

symptom severity, but in this case, group differences were evident. When data from 

the two active TMS groups were combined, a statistically significant decrease was 

observed on the hallucination item of the PANSS, whereas no change at all occurred 

in the placebo group. Previous studies have similarly found the effect of rTMS to be 

specific to hallucinations, with no significant benefit observed on other positive 

symptoms, such as delusions, or on negative symptoms (e.g. see Brunelin et al., 

2006). In terms of general psychopathology, however, it appeared that all groups 

again improved to some extent. Typically, patients will spontaneously show some 

clinical improvement from admittance to inpatient facilities, regardless of whether 

they receive any formal kind of therapy. A beneficial change in day-to-day functioning 

may thus be attributed to the fact that patients received inpatient care (or in some 

cases day-hospital assistance), in addition to their regular care and/or social support 

during the study. Additionally, being expectant of a favorable outcome could have 

induced a placebo effect in all groups. Importantly however, the left active rTMS 

group showed a relatively more pronounced, and statistically significant change in 
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general psychopathology. Although, it is unclear which aspects of functioning 

contributed most to the more beneficial clinical picture in this group, the finding fits 

with previous reports showing improvements on the Clinicial Global Impression 

following left sided rTMS treatment (Hoffman et al., 2003; 2005), but see also Rosa et 

al., 2007), who observed improvements on positive symptoms, but not on general 

psychopathology). 

When assessing treatment effectiveness, comparing mean symptom changes 

between groups may obscure important interindividual differences in rates of 

response. Thus, taking into account the number of responders in each of the groups 

may help to characterize the clinical relevance of rTMS treatment. In both active 

groups approximately one third of patients could be characterized as responders, both 

in terms of a noted decrease in self-reported symptom severity and on clinical 

evaluation by a blind rater. Although this number is rather modest, given the fact that 

these patients have symptoms that are refractory to medication, rTMS could 

nevertheless be considered as a promising adjunctive treatment. However, as we also 

observed powerful placebo effects, the specificity of the rTMS effect warrants further 

investigation. Future research should also focus on further improvement of the rTMS 

paradigm by searching for more effective parameters. One possibility is to use a 

priming approach, i.e. enhancement of low frequency rTMS by priming the cortex 

with high frequency stimuli (Iyer, Schleper, & Wassermann, 2003). Another option is 

the application of inhibitory rTMS stimulation at low frequencies on the left 

hemisphere, combined with concurrent, rather then consecutive, excitatory rTMS 

stimulation of the right hemisphere. This might exert complementary effects, which 

may boost the effect on cortical inhibition of the left hemisphere through transcallosal 

connectivity. In addition, existing rTMS protocols are relatively conservative in terms 

of duration and stimulation strength, especially given the fact that low frequency 

rTMS has only very rarely been associated with adverse events. Thus, increasing the 

intensity, and the number of stimulation sessions may boost effectiveness. 

In sum, aggregation of the clinical impressions and the findings from patient-

reported changes in AVH experience indicates that stimulation of the left temporo-

parietal region has some effect in reducing auditory hallucinations, and may also 



 140 

impact general psychopathology. Additional targeting of the right hemisphere does 

not appear to contribute significantly towards a clinically observable reduction of 

symptoms, although patients do appear to be less affectively engaged by their AVH. 

The influence of placebo effects cannot be ruled out, since the control group receiving 

sham stimulation also improved on a number of AVH parameters, and group 

differences were small and statistically significant only for the clinical ratings, but not 

in terms of self-reported symptom severity. 

Our study has a number of limitations, which should be addressed in future 

research in order to further validate the utility of rTMS in the treatment of AVH. 

Because of the relatively small sample size, results should be interpreted with caution. 

Larger, ideally multi-center, trials are needed to establish effectiveness of the rTMS 

protocol. Another methodological issue is the choice of self-report scales. For 

instance, although it has often been used as a primary outcome measure in rTMS 

treatment studies, little is known about the psychometric qualities of the AHRS. It 

likely does not tap into all the pertinent characteristics of AVH, and other aspects (i.e. 

voice content, controllability) of the AVH may be relevant to the patient. Assessment 

of a self-produced narrative of the AVH experience, such as the Hallucination Change 

Score (Hoffman et al. 2005), potentially provides a more comprehensive picture of the 

phenomenological changes induced by rTMS treatment. A third issue pertains to the 

patients’ medication status. It is likely that antipsychotic medication, as well as the 

concurrent use of anticonvulsant drugs, interacts with the rTMS administration 

(Hoffman et al., 2000; Poulet et al., 2005). In the case of benzodiazepines, it has been 

shown that they can reduce cortical excitability (Palmieri et al., 1999), thereby 

potentially diminishing the effect of TMS. This may have contributed to the modest 

treatment effect in our study, as one third of the patients in the active rTMS 

conditions received benzodiazepines as an adjunctive treatment. However, this could 

not explain differential effects between groups, as the number of patients taking 

benzodiazepines was similar across groups. In addition, antipsychotics with different 

receptor profiles may also interact with rTMS in variable ways (Fitzgerald, Brown, 

Daskalakis, & Kulkarni, 2002). In future research, it could therefore be useful to select 

patients based on specific types of medication, rather than matching them on 
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chlorpromazine equivalent dose. In our study, subjects were also not selected on 

handedness. As this variable is known to relate to differences in cerebral 

lateralization, particularly of language functions, this could have contributed to a 

greater variability in treatment response. In the same vein, large inter-individual 

differences exist in the cerebral activation patterns associated with AVH. FMRI-guided 

rTMS could be useful in this regard, but the method needs further validation and is not 

feasible in all patients. Finally, an issue of particular clinical relevance is the durability 

of the effect. In further research it would be informative to continue to assess patients 

during maintenance treatment, after the first effective rTMS treatment phase. At this 

time it is unclear whether repeated rTMS treatment results in additional benefit, and 

whether improvement in responders can be maintained over a significant period of 

time. Also, combining rTMS treatment with psychotherapy, such as hallucination-

focused integrative treatment (HIT; Jenner, Nienhuis, Wiersma, & van de, 2004) might 

be useful. Targeting AVH at different processing levels might interactively lead to a 

better outcome. As patients experience that their symptoms may be altered by a 

biologically-based intervention, this could assist them in redefining the AVH, and 

gaining insight into the nature of their illness, which may have further beneficial 

clinical effects. 
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ABSTRACT 

 

BACKGROUND. Schizophrenia has been conceptualized as a disorder of 

integration of neural activity across distributed networks. We investigated the 

relationship between auditory-verbal hallucinations (AVH) and functional connectivity 

of the temporo-parietal junction (TPJ), and assessed whether 1 Hz rTMS would have a 

modulating effect on these connections. 

METHODS. Resting state fMRI scans were obtained from 27 patients with 

schizophrenia and AVH, and 27 matched controls. We calculated correlations 

reflecting functional connectivity between regions-of-interest (ROIs) and the bilateral 

TPJ seed regions. Patients were additionally assessed before and after a 6 day 

treatment with 1 Hz rTMS to the left TPJ or bilateral TPJ, or sham rTMS. 

RESULTS. Compared to healthy controls, schizophrenia patients showed 

reduced functional connectivity between left TPJ and the right homotope of Broca. 

Within the patient group, more severe AVH were associated with reduced neural 

coupling between left TPJ and bilateral anterior cingulate, bilateral amygdala and the 

left dorsolateral prefrontal cortex. Symptom improvement following rTMS treatment 

was most marked in the left rTMS group. However, rTMS was observed to induce no 

corresponding changes in the functional connections associated with AVH severity. 

CONCLUSIONS. In schizophrenia patients with chronic hallucinations, the left 

TPJ, a critical node in the speech perception/AVH network, shows reduced functional 

connectivity with brain areas involved in the attribution of agency, self-referent 

processing and attentional control. Application of 1 Hz rTMS to this region may not 

lead to corresponding changes in functional connectivity during the resting state. 
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INTRODUCTION 

 

Auditory-verbal hallucinations (AVH) are a hallmark symptom of psychotic 

disorders (Andreasen & Flaum, 1991). Neuroimaging studies have provided evidence 

linking AVH to structural and functional abnormalities in a distributed network of 

brain regions involved in linguistic processing, attention, memory and emotion, 

including Broca’s area, insula, the amygdala-hippocampal complex and a number of 

subcortical regions (see Allen, Laroi, McGuire, & Aleman, 2008 for a review). The most 

consistent finding concerns changes in the speech processing regions of the posterior 

superior temporal cortex of the language dominant left hemisphere, in terms of 

anatomical (Barta, Pearlson, Powers, Richards, & Tune, 1990; Flaum et al., 1995; 

Rajarethinam, DeQuardo, Nalepa, & Tandon, 2000; Levitan, Ward, & Catts, 1999; 

Onitsuka et al., 2004) and functional alterations (Suzuki, Yuasa, Minabe, Murata, & 

Kurachi, 1993; Dierks et al., 1999; Van de Ven et al., 2005), although some studies 

have reported involvement of right hemispheric language areas as well (Lennox, Park, 

Medley, Morris, & Jones, 2000; Shergill, Brammer, Williams, Murray, & McGuire, 

2000). Many models of schizophrenia now favor a conception of the disorder in terms 

of a failure to integrate activity in distributed neural circuits (Andreasen et al., 1999; 

Stephan, Friston, & Frith, 2009; Zhou et al., 2007; Liang et al., 2006). Disintegration of 

fronto-temporal connectivity has been observed in schizophrenia patients with AVH, 

during a sentence completion task (Lawrie et al., 2002), external speech processing 

(Mechelli et al., 2007), and verbal working memory (Hashimoto, Lee, Preus, McCarley, 

& Wible, 2009). Recently, abnormal patterns of connectivity have also been observed 

in fMRI studies of the resting state (Zhou et al., 2008; Liang et al., 2006). This default 

mode of the brain reveals intrinsic activity, which has been suggested to be at least as 

important as evoked activity in terms of overall brain function (Raichle & Gusnard, 

2005). Intrinsic activity as been implicated in attention to external and internal 

stimulation, as well as self-referential reflection, episodic memory retrieval, inner 

speech, mental imagery, emotions, and planning future events (Gusnard, Akbudak, 

Shulman, & Raichle, 2001; Gusnard & Raichle, 2001; Raichle et al., 2001; Greicius, 

Krasnow, Reiss, & Menon, 2003; Fransson, 2005). Interestingly, these are all cognitive 
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processes which have been found to be aberrant in schizophrenia patients with AVH. 

However, to date, few studies have investigated the clinical correlates of altered 

resting state activity in patients with schizophrenia, and to our knowledge, so far no 

studies have assessed functional connectivity in relation to detailed characterization 

of AVH.  

The aim of the current study was to investigate the relationship between severity 

of auditory-verbal hallucinations and functional connectivity of the temporo-parietal 

region (TPJ) during the resting state. This area has been identified as a critical node in 

the AVH network (Hoffman et al., 2007), and the inferior parietal cortex also forms 

part of the default mode network during resting state (Gusnard et al., 2003; Fox & 

Raichle, 2007). Secondly, we aimed to assess whether repetitive Transcranial 

Magnetic Stimulation (rTMS) would have modulating effects on patterns of 

connectivity. In recent years, rTMS has emerged as a promising new treatment for 

auditory hallucinations. Under the assumption that rTMS may have beneficial 

inhibitory effects on the pathologically overactivated speech processing cortex in 

voice hearers, Hoffman et al. (1999) published the first report demonstrating a 

reduction in AVH after 1 Hz rTMS to the posterior superior temporal gyrus (STG). A 

number of studies have now replicated these preliminary findings (Poulet et al., 2005; 

Brunelin et al., 2006; Chibbaro et al., 2005; d'Alfonso et al., 2002; Lee et al., 2005; 

Hoffman et al., 2003; Hoffman et al., 2005; Sommer et al., 2007; McIntosh et al., 2004; 

Schonfeldt-Lecuona et al., 2004). Two recent meta-analyses, reviewing all placebo-

controlled studies, report medium to large effect sizes, further supporting the critical 

role of the posterior superior temporal area in AVH, and the efficiency of rTMS in the 

reduction of AVH severity (Aleman, Sommer, & Kahn, 2007; Freitas, Fregni, & Pascual-

Leone, 2009). Nevertheless, the neural mechanisms underlying symptom 

improvement following rTMS application remain unclear. A few studies have 

investigated rTMS induced changes in brain metabolism in patients with AVH. 

Horacek et al. (2007) employed low resolution brain electromagnetic tomography 

(LORETA) and positron emission tomography (18FDG PET) to evaluate changes in the 

distribution of neuronal electrical activity and metabolism during rest, following 10 

days of 1 Hz rTMS applied to the left temporo-parietal cortex. They observed 
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decreased metabolic activity in cortical areas corresponding to the coil position, as 

well as in interconnected regions. Fitzgerald et al. (2007) on the other hand assessed 

performance on a word generation task in a pilot study of three patients, and found 

enhanced activation in the temporal cortex following treatment. Together, these 

findings suggest that 1 Hz rTMS may reduce aberrant internally generated activity 

associated with AVH locally, at the site of stimulation, but also in the network of 

speech processing regions putatively involved in AVH genesis. However, both studies 

failed to include a placebo group. We hypothesized that rTMS treatment would lead 

to observable changes in the patterns of functional connectivity of the stimulated 

area, and additionally assessed a placebo-treated group. 

 

MATERIALS AND METHODS 

 

Subjects 

The study was approved by the institutional review board (University Medical 

Center Groningen). 27 patients, meeting DSM-IV criteria for schizophrenia, confirmed 

by a SCAN interview (Schedules for Clinical Assessment in Neuropsychiatry; Giel & 

Nienhuis, 1996, and 27 healthy, matched controls participated in the study. Detailed 

clinical and demographical data are presented in Table 1. Prior to participation, 

informed consent was obtained. All patients had medication resistant AVH, defined as 

the daily occurrence of AVH, in face of at least two adequate trials of antipsychotic 

medications. All patients received treatment with stable doses of antipsychotic 

medication, and this dose was unchanged for the duration of the study. Exclusion 

criteria included a personal or family history of epileptic seizures, a history of 

significant head trauma or neurological disorder, the presence of intracerebral or 

pacemaker implants, inner ear prosthesis or other metal prosthetics/implants, severe 

behavioral disorders, current substance abuse, and pregnancy. Enrolment in the study 

spanned the period of September 2006 to January 2009. Patients were either 

admitted to an inpatient care unit (e.g. when daily travel to the research center was 

too demanding), or participated as outpatients, admitted to the day-hospital for the 

duration of the rTMS trial. 
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 Left 

rTMS 

Bilateral 

rTMS 
Placebo Controls p-value 

Gender 

N, male:female 
4:5 4:5 5:4 13:14 n.s. 

Handedness 

N, right:left 
7:2 8:1 8:1 22:5 n.s. 

Age 

years, mean(SD) 

38.88 
(13.19) 

37.44 
(15.15) 

33.67 
(11.84) 

32.48 
(10.90) 

n.s. 

Education Level 

years, mean (SD) 

14.11 
(1.90) 

13.44 
(1.01) 

14.22 
(2.49) 

15.26 
(1,76) 

n.s. 

Age at onset 

years, mean (SD) 

22.77 
(11.56) 

28.78 
(3.76) 

20.45 
(8.43) 

 n.s. 

Illness duration 

months, mean (SD) 

132.00 
(119.70) 

144.56 
(148.85) 

205.89 
(181.28) 

 n.s. 

Nr. of 

Hospitalizations 

Mean (SD) 

3.13 
(2.03) 

2.71 
(1.80) 

3.71 
(1.89) 

 n.s. 

PANSS  

Mean (SD)  
     

Positive Subscale 
17.00 
(4.53) 

17.11 
(4.59) 

16.11 
(4.85) 

 n.s. 

P3 (Hallucinations) 
5.44 
(.53) 

4.66 
(.50) 

4.77 
(.83) 

 

Left > 
Bilat.; 
p<.01 
Left > 
Plac.; 
p=.06 

Negative Subscale 
14.89 
(5.04) 

13.00 
(4.12) 

16.65 
(4.64) 

 n.s. 

General 

Psychopathology 

30.22 
(8.48) 

29.45 
(7.83) 

34.44 
(10.41) 

 n.s. 

Total Score 
62.11 

(15.62) 
59.56 

(14.45) 
67.11 

(16.70) 
 n.s. 

 

Table 1 represents the clinical and demographical characteristics of the three patient 
groups and the healthy control group. T-tests and X2 tests were conducted to assess 
group differences for continuous and discrete variables, respectively. 
 

AVH Assessment 

All patients filled out the Auditory Hallucination Rating Scale (Hoffman et al., 

2003). This scale assesses AVH on 7 characteristics: frequency, reality, loudness, 

number of voices, length, attention dedicated to the hallucinations, and hallucination-
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induced arousal. A general score is obtained as well, by summing the items, to give a 

measure of general AVH severity. 

In addition, each patient was interviewed with the semi-structured Positive and 

Negative Syndrome Scale (PANSS; Kay, Fiszbein, & Opler, 1987). Assessments were 

made once, a maximum of two days before the start of the rTMS treatment, and 

again, a maximum of two days following the final rTMS session, by two trained raters 

who were blind to the treatment condition. 

 

rTMS procedure and outcome measures 

Institutional review board approval (University Medical Center Groningen) was 

obtained for the procedure as described below. The study had a double blind parallel 

design, in which subjects were allocated to one of three treatment conditions in a 

pseudo-random fashion, in order to ascertain equal group sizes. Conditions consisted 

of rTMS application to the left TPJ (n=9), the bilateral TPJ (n=9) or sham stimulation 

(n=9). Only the TMS administrator was aware of the intervention type. A Magstim 

Rapid System (Magstim Company Ltd, Whitland, Wales) with a 70 mm figure-of-eight 

coil was used. For each of the participants in the active rTMS conditions, the resting 

motor threshold (MT) was assessed on the first day of the trial, according to the 

procedure described by Schutter et al. (2006). Treatment stimulation sites were 

determined using the 10-20 International System. Subjects were fitted with standard 

issue EEG caps (Easycap GmbH, Germany), with the electrodes and electrode holders 

removed. In the left condition, the coil was fixed on the point halfway between the T3 

and P3 electrode position (Hoffman et al., 2003). In the bilateral condition, stimulation 

was administered to the same location for half the duration of the session, and during 

the second half of the session, stimulation was switched to the right hemisphere, 

halfway between the T4 and P4 electrode position. Stimulation was performed at 90% 

of the individual MT. The placebo condition consisted of sham stimulation performed 

on the same location as the left rTMS condition, with the use of a Magstim sham coil, 

which does not deliver a measurable magnetic field, but does produce the same 

clearly audible clicking sound, at the same frequency of 1 Hz. Patients received a total 

of 12 rTMS sessions, each lasting 20 minutes, consisting in total of 14400 pulses. 
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Treatment was conducted over the course of 6 working days. There was always a 

minimum 5 hour delay in between subsequent sessions. 

 

fMRI data acquisition 

Images were acquired on a 3T Phillips Intera scanner (Best, The Netherlands), 

with a standard SENSE head coil. Scanning was conducted in a dimly lit room. An 

anatomical scan was obtained first, comprising a 3-D T1-weighted image, covering the 

whole head. The following parameters were used: TR=25 ms; echo time=4.6 ms; flip 

angle=30 ;̊ field-of-view=256 mm2; slice thickness=1 mm; 160 transverse slices; no gap. 

For the resting state scan, subjects were instructed to close their eyes, try to “clear 

their mind”, but not to fall asleep. Functional images were collected using a field-echo 

EPI sequence with the following parameters: TR=2300 ms; echo time=28 ms; flip 

angle=85   ;̊ field-of-view= 220 mm2. A total of 200 whole brain volumes were 

acquired, consisting of transverse 39 slices, with 3 mm slice thickness and no gap. 

Scan duration was 469 ms. 

 

fMRI data preprocessing 

Data were processed in Matlab (MathWorks, Natick, MA), using the Statistical 

Parametric Mapping package (SPM5; Wellcome Department for Imaging 

Neuroscience, London, UK; http://www.fil.ion.ucl.ac.uk/spm). For each subject, EPI 

images were corrected for differences in slice timing and then spatially realigned to 

the first image in the series. The functional images were coregistered to the T1-

weighted anatomical image. Images were normalized into standardized Montreal 

Neurological Institute (MNI) space, and spatially smoothed with a 10 mm Gaussian 

kernel. 

 

Region-of-interest connectivity analysis 

ROIs were defined a priori, based on a literature review of activation studies of 

AVH (Allen et al., 2008) and encompassed the temporo-parietal junction (TPJ), inferior 

frontal gyrus (IFG; consisting of Broca’s area and the right hemisphere homotope 

area), anterior cingulate cortex (ACC), dorsolateral prefrontal cortex (DLPFC), 
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amygdala, and insula. ROIs were selected bilaterally, from the volumes-of-interest 

defined in the BrainMap database (Fox & Lancaster, 1994; Nielsen & Hansen, 2002). 

MNI coordinates are presented in table 2. The Marsbar toolbox implemented in SPM5 

was used to extract time courses for each of the individual ROIs, averaged over all 

voxels within the ROI. Left TPJ and right TPJ, corresponding to the approximate site 

of rTMS stimulation, were selected as seed regions. Pearson correlation coefficients 

were subsequently calculated between time courses of the seed regions and each of 

the remaining ROIs. Fischer’s transformations were applied to the correlations in 

order to obtain Z-scores and improve normality of the data.  

 

Region of Interest X 

coordinate 

Y 

coordinate 

Z 

coordinate 

Volume 

(mm) 

Left Temporo-Parietal 

Junction 

-50.7 -31.4 22.7 25440 

Left Anterior Cingulate 

Gyrus 

-7.2 20.6 35.5 16408 

Left Broca’s Area -40.9 11.7 13.9 29128 

Left Dorso-Lateral 

Prefrontal Cortex 

-36.3 31.3 23.7 42544 

Left Amygdala -23.8 -4.6 -17.5 1488 

Left Insula -36.2 7.7 4.14 12832 

Right Temporo-

Parietal Junction 

50.6 -31.4 22.7 25320 

Right Anterior 

Cingulate Gyrus 

6.7 20.4 35.7 17740 

Right Homotope of 

Broca’s Area 

40.9 11.7 13.9 29120 

Right Dorso-Lateral 

Prefrontal Cortex 

36.2 31.2 23.6 42264 

Right Amygdala 23.8 -4.6 -17.5 1480 

Right Insula 36.2 7.7 4.14 12824 

 

Table 2 lists the Regions-of-Interests with their respective MNI coordinates (see 
also http://neuro.imm.dtu.dk/services/jerne/ninf/voi.html). 

 

 

 



 152 

Data analysis 

First, group differences between hallucinating patients and healthy controls were 

assessed by means of Mann-Whitney U tests on the Z-value indices of connectivity 

between the seed regions and each of the predefined ROIs, at baseline, before rTMS. 

Then, within the group of hallucinating subjects, non-parametric correlations 

(Kendall’s τ) were computed between the measures of hallucination severity and Z-

values. FDR-correction was applied at p=.05, using the procedure described by 

Benjamini and Hochberg (1995), to correct for multiple comparisons. Due to the small 

sample size, non-parametric tests were used to test individual changes in 

symptomatology and functional connectivity after rTMS treatment. Wilcoxon’s 

matched pairs tests were conducted within each of treatment groups (left rTMS, 

bilateral rTMS and placebo). 

 

RESULTS 

 

Effects of symptomatology 

Analysis of group differences revealed a widespread decrease of functional 

connectivity with the TPJ in the patients, compared to controls. However, the only 

effect surviving FDR correction was a significantly decreased connectivity between 

left TPJ and the right homotope of Broca’s area in patients compared to controls (Z=-

2.88; p=.004); see figure 1. 
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Figure 1 shows the group difference in functional connectivity between healthy 
controls and patients with AVH. Connectivity is expressed as the Z-value 
corresponding to the Pearson correlation coefficient of the averaged time 
courses extracted from the two ROIs: the left temporo-parietal junction and the 
right hemisphere homotope of Broca’s area. 

 

Correlational analyses within the group of hallucinators revealed a negative 

association between the P3 hallucination item of the PANSS and functional 

connectivity between the left TPJ and the left and right anterior cingulate (τ=-.51; 

p<.001; τ=-.45; p=.001, respectively), the left and right amygdala (τ=-.35; p=01; τ=-.42; 

p<.01, respectively), and the left dorso-lateral prefrontal cortex (τ=-.31; p<.05). See 

figure 2 for a graphical representation of the correlations. No correlations with the 

right TPJ survived FDR correction. There were no significant correlations between 

PANSS positive, negative or generally psychopathology subscales and functional 

connectivity with the left or right TPJ.  
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Figure 2 shows the significant correlations between the P3 item of the Positive and 
Negative Syndrome Scale (PANSS), indicating severity of hallucinations, and 
patterns of functional connectivity of the left TPJ area. Decreased connectivity 
between the left TPJ and the bilateral anterior cingulate, the bilateral amygdala, 
and the left DLPFC were observed with increased AVH severity. 

 

For the AHRS, the total score correlated negatively with functional connectivity 

between the left TPJ and the left and right anterior cingulate (τ=-.40; p<.01; τ=-.33; 

p=.05, respectively), and left and right amygdala (τ=-.49; p<.001; τ=-.37; p=.01, 

respectively). See figure 3 for a graphical representation of the correlations. 

Assessment of the individual AHRS subscales revealed a negative correlation between 

the subscale ‘attention’ and functional connectivity between the left TPJ and the left 

anterior cingulate (τ=-.41; p<.01), and the right amygdala (τ=-.38; p<.01). The subscale 
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‘reality’ also showed a negative correlation with functional connectivity between left 

TPJ and the right amygdala (τ=-.39; p<.01).  
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Figure 3 shows the significant correlations between the total score on the Auditory 
Hallucination Rating scale (AHRS), a measure of self-reported AVH severity, and 
patterns of functional connectivity of the left TPJ area. Decreased connectivity 
between the left TPJ and the bilateral anterior cingulate on the one hand, and the 
bilateral amygdala on the other hand, was observed with increased AVH severity. 

 

Effects of rTMS 

Clinical improvement was assessed by means of the P3 item of the PANSS. In the 

combined group receiving active rTMS, a significant decrease was observed after 

rTMS, compared to baseline (T=3.5; Z=2.03; p<.05), whereas no change was present in 

the placebo group. Assessed separately, the effect reached trend level in the left 

group (T=0.00; Z=1.83; p=.068), but failed to reach significance or trend level in the 

bilateral group (T=2.00; Z=1.10; p=.27); see figure 4. 
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Figure 4 shows the effect of 1 Hz rTMS treatment on AVH severity, as 
measured with the P3 hallucination item of the Positive and Negative 
Syndrome Scale (PANSS) before and after a 6 day treatment period. The 
clinical semi-structured PANSS interviews were conducted by two raters, 
blind to the treatment condition.  
 

For the assessment of rTMS-induced changes within the different treatment 

groups, we first focused on the connections that were identified as associated with 

AVH in the correlational analysis. No significant changes in these connections were 

observed in the active rTMS groups.  

Further exploratory analyses of the connectivity with other brain regions, not 

identified in the correlational analysis, revealed a significant increase in functional 

connectivity between the left TPJ and the right insula (T=6; Z=1.95; p=.050) in the left 

group. No significant changes were present in the bilateral group. The placebo group 

showed a significant decrease in connectivity between the left TPJ and the left 

anterior cingulate (T=6; Z=1.95; p=.050), and an increase in connectivity between the 

right TPJ and the left dorsolateral prefrontal cortex (T=6; Z=1.95; p=.050). 
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DISCUSSION 

 

This study aimed to relate auditory-verbal hallucinations (AVH) in patients with 

schizophrenia to patterns of functional connectivity during the resting state. The 

bilateral temporo-parietal junction (TPJ), a critical region in AVH genesis (Hoffman et 

al., 2003) was selected as a seed region and its connection to other regions-of-

interest, previously linked to AVH activity was assessed. Secondly, we explored 

whether 1 Hz rTMS would alter potential aberrant patterns of functional connectivity.  

Compared to healthy controls, patients showed reduced functional connectivity 

between the left TPJ and the right hemispheric homotope of Broca’s area, which 

suggests a relative dysfunctional interaction between language production areas of 

the right hemisphere and speech perception regions of the left hemisphere. Although 

traditionally the left hemisphere is seen as the site of linguistic processing, studies in 

stroke patients suggest that the right hemisphere has basic language production 

capacities (Thiel et al., 2006; Voets et al., 2006). Interestingly, the content typically 

associated with right hemisphere language production is very similar to that of AVH: 

short sentences, swearwords and other negative or abusive terms (Van Lancker & 

Cummings, 1999; Van Lancker, 1997). The right hemisphere also appears to be 

engendered during inner speech when the linguistic complexity is reduced and the 

rate of production is lower (Shergill, Tracy, Seal, Rubia, & McGuire, 2006). It has been 

suggested that this type of inner speech production may form the basis of AVH 

(Sommer et al., 2008). In healthy subjects, the production of inner speech leads to a 

corollary discharge in speech perception areas, which signals to the brain that the 

impending afferent “sensory” information is self-generated (Ford & Mathalon, 2004; 

Ford, Roach, Faustman, & Mathalon, 2007). A failure in this system will result in a loss 

of agency, and may cause the subsequent misattribution of the internal event to an 

external source, thus producing the perception of an AVH. In line with this account, 

reduced coherence of activity in frontal and temporal brain areas during speech 

production has been associated with AVH (Ford, Mathalon, Whitfield, Faustman, & 

Roth, 2002). Our results further corroborate this, but in addition implicate the right 

hemisphere speech production regions in this process. Evidence of altered white 
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matter integrity in the tracts connecting the frontal cortex with the temporal and 

parietal cortices and with the contralateral frontal and temporal lobes provides a 

potential anatomical substrate for this functional disconnection (Shergill et al., 2007). 

Interestingly, Hoffman et al. (2007) also report the involvement of aberrant 

connectivity between these same areas in AVH pathophysiology: reduced coupling 

between these areas in patients with continuous hallucinations predicted future 

response to rTMS treatment applied to the left TPJ. The small sample size in the 

present study precluded reliable assessment of functional connectivity in subgroups 

defined by treatment response. Thus, we were unable to verify this finding directly. It 

is however interesting to note that AVH severity was linked to reduced connectivity 

between these areas and that the group with the most severe AVH (i.e. the left rTMS 

group) on average also improved the most. 

Within the hallucinating group, severity of AVH correlated negatively with 

functional connectivity between the left TPJ and the bilateral anterior cingulate. The 

anterior cingulate is part of a ‘core control network’, characterized by synchronized 

activity with the insula during resting state (Dosenbach et al., 2007). This network 

activates complementary processes: the insula might represent the feelings, whereas 

the cingulate contributes to the sense of agency or volition. Craig (2009) remarked 

that a failure to co-activate the cingulate cortex during inner speech, would lead to a 

lack of conscious control over the experience. Our finding of reduced synchrony 

between the left TPJ and the anterior cingulate is in line with this view, and extends 

previous findings that have indicated abnormal connectivity between left superior 

cortex and anterior cingulate during speech perception/monitoring (Mechelli et al., 

2007). When the anterior cingulate cortex fails to synchronize its activity with activity 

in the posterior temporal cortex, verbal thought may become disjointed from 

conscious control, leading to “disembodied” language experiences. The fact that the 

AHRS subscale ‘attention’ specifically correlated with this measure, strengthens this 

interpretation. This subscale reflects the attention-grabbing aspect of the AVH 

experience, with a higher score suggestive of less volitional control over the 

occurrence of the AVH. The dorso-lateral prefrontal cortex (of the left hemisphere) 

also showed reduced co-activation with the left TPJ in relation to AVH severity. 
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Functional deficits his area have previously been identified in schizophrenia patients 

with AVH (Kawaguchi et al., 2005). DLPFC has a major role in cognitive control, which 

further supports the former interpretation that reduced conscious control over verbal 

thought or imagery may be a factor in the neural underpinnings of the propensity 

towards AVH. 

More severe AVH were also associated with reduced connectivity between left 

TPJ and the bilateral amygdalae. The amygdala, as part of the limbic system, has long 

been identified as an important structure in the processing of emotions in reaction to 

external stimuli (Aggleton, 1992). Emotional response has also been implicated in the 

pathogenesis of AVH (Kapur, 2003), through the aberrant assignment of salience to 

external events or internal representations. Accordingly, Sanjuan et al. (2007) 

observed enhanced responsivity of the amydgala during the perception of spoken 

emotional words in schizophrenia patients with AVH. However, our findings suggest a 

possible link between AVH and the uncoupling of amygdala response from internally 

generated speech perceptions. Interestingly, in a recent study (Kim et al., 2008) that 

investigated the neural substrates of emotional auditory-verbal imagery, subjects 

were asked to imagine their own derogatory remark expressed towards another, or 

imagine a neutral one, and to imagine another’s derogatory or neutral remark 

directed to the self. The amygdala activated during negative emotion processing, but 

only when directed to the self. These results support a pivotal role of the amygdala in 

the processing of self-relevance of imagined appraisals, and are consistent with a 

number of previous reports (Northoff, 2007). Our observation of reduced 

synchronization between amygdala and TPJ activity could point to a reduced 

sensation of self-relatedness during inner speech processing. This possibly represents 

a cognitive mechanism by which negatively valenced verbal thoughts, especially if 

they are particularly abusive or derogatory, are not accepted by the patient as related 

to the self. Subsequent (mis-) attribution to an external source, would lead to an 

experience of an external “voice” rather than an inner thought. The subscale ‘reality’ 

of the AHRS, indicative of the degree to which the AVH appear like real external 

voices, showed a specific correlation with reduced TPJ-amygdala synchrony. This may 
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indicate that a failure to activate the self-referent context of a verbal thought 

associates with these thoughts being perceived as more external and voice-like. 

The second goal of the study was to investigate whether application of 1 Hz rTMS 

would affect connectivity of the stimulated region with other areas within the putative 

AVH/inner speech processing network. Patients were randomly assigned to receive 

either rTMS to the left TPJ, bilateral TPJ or placebo treatment, and treatment 

response was measures by the P3 item of the PANSS, assessed by two interviewers 

blind to the treatment condition. The active rTMS intervention appeared to be 

moderately effective, whereas the placebo group showed no symptom change over 

the course of the 6 day treatment. The beneficial effect was most marked in the left 

rTMS group, with only a minor trend evident in the bilateral rTMS group. In order to 

assess the underlying mechanism of action, we assessed those functional connections 

that were identified in the correlational analyses. As AVH severity was linked to 

reduced functional connectivity between left TPJ on the one hand and the frontal 

cortex (anterior cingulate and DLPFC) and amygdala on the other hand, and rTMS has 

been shown to not only produce local effects, but also induce changes in remote, 

functionally connected brain areas (Barrett, la-Maggiore, Chouinard, & Paus, 2004; 

Paus et al., 1997), we expected that active treatment would lead to enhancement of 

synchrony. However, we observed no significant changes in functional connectivity of 

these areas compared to baseline in either of the active treatment groups. One 

possible explanation for thus null finding is that alterations in functional connectivity 

patterns during resting state represent the neural substrate of the general propensity 

to hallucinate (i.e. the trait characteristics), and that additional pathological changes 

in the network appear during the actual AVH experience (i.e. the state characteristics). 

Thus, rTMS may induce changes that become effective in state-dependent fashion, 

rather than affecting the neural architecture underlying the AVH trait positive status. 

Also, the P3 hallucination item of the PANSS represents a very rough measure of AVH 

severity. It does not discriminate between particular changes in subjective or 

phenomenological qualities. Small improvements on diverse aspects of AVH may 

have summed up to create a more benign clinical picture, reflected in a smaller P3 

rating. Each specific change in AVH experience may have subtly affected different 
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connections within the network of brain regions involved in AVH, which failed to 

become significant in our analyses. 

However, further exploratory analyses did reveal some changes in resting state 

functional connectivity in parts of the network that were not a priori identified by 

means of the correlational analyses. In the group receiving rTMS to the left TPJ, neural 

synchrony between the left TPJ and the right insula was enhanced. As we remarked 

earlier, the insular cortex is tightly coupled with the anterior cingulate, forming a “core 

control network” in the brain at rest. So although the expected enhancement of the 

TPJ-cingulate connection was not observed, it is possible that the insula may have 

acted as a third covariate influence on the functional coupling between the stimulated 

left TPJ and the anterior cingulate, leading to symptom improvement. Inhibitory 

action of the 1 Hz rTMS to the left TPJ may have led to a local decrease in activity and 

a corresponding reorganization of activity in the right insula by means of transcallosal 

disinhibition. Horacek et al. (2007) similarly observed increased activity in the 

contralateral cortex and in frontal brain regions in response to inhibition of the 

posterior left superior temporal cortex. Alterations in insula responsivity may have 

indirectly induced symptom improvement by means of its tight association with the 

anterior cingulate in the resting state.  

Thus, in all, it seems that 1 Hz rTMS may have only very minor modulating effects 

on functional connectivity of the stimulated region, and the association between 

connectivity changes observed in the resting state and clinical improvement is 

uncertain. One issue complicating the interpretation concerns the fact that some 

alterations in functional connectivity were also present in the placebo group: we found 

a decrease in connectivity between the left TPJ and the left anterior cingulate. 

Because decreases in this connection were associated with more severe AVH in the 

correlational analyses, this would be suggestive of a worsening of symptoms. An 

incidental increase in symptoms could have counteracted the non-specific 

intervention effects, expected of a placebo treatment, which might explain the 

complete lack of placebo-induced improvement as assessed by clinical interview. 

However, one functional connection did appear to be enhanced in this group: neural 

synchrony increased between the right TPJ and the left dorsolateral prefrontal cortex. 
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This finding may indicate a stronger interaction between higher order executive 

control centers in the frontal cortex and areas associated with AVH perception. We 

can only speculate that this accompanies a change in the predisposition towards more 

conscious evaluation of perceptual activity, perhaps reflecting the observation that 

during treatment patients become quite focused on their AVH, and on internal 

“perceptual” experiences 

In sum, this study revealed AVH-related changes in the patterns of functional 

connectivity of the temporo-parietal junction. Reduced connectivity between the 

right inferior frontal area, likely involved in low complexity inner speech, and temporal 

speech perception areas was is thought to reflect failure of the corollary discharge 

system in patients compared to controls. Furthermore, within the hallucinating group, 

severity of AVH was associated with a more extensive pattern of reduced neural 

synchrony. Particularly, activity in the left TPJ, a critical node in the speech 

perception/AVH network, appears to be disjointed from brain activity in areas 

involved in the attribution of agency, self-referent processing and attentional control. 

We did found no evidence that a 6-day  1 Hz rTMS treatment directly affects these 

patterns of connectivity. 

There are a number of limitations to this study. First of all, our approach to 

functional connectivity was theory-driven, and we chose anatomical ROIs based on so 

called ‘activation’ studies of AVH, which have implicated a network of brain regions 

involved in the processing and monitoring of verbal thought or inner speech. The TPJ 

was chosen as a seed region, because prior rTMS studies suggest that it is a critical 

node in the network (e.g. Hoffman et al., 2007). This correlational approach has the 

advantage that it limits the number of observations and allows specific hypotheses to 

be tested, but on the other hand only focuses on the functional connections with 

preselected seed regions, while ignoring other potentially interesting patterns of 

connectivity. It also does not account for potential time lags in time courses between 

different ROIs. A whole brain approach could provide further interesting clues towards 

the neural substrates of AVH. Functional connectivity methods furthermore do not 

allow conclusions to be drawn with regard to direction of the connection or the 

possibility of modulating effects of third covariate regions. An alternative method, 
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effective connectivity, could determine how regions of the brain influence each other 

during, given a constrained set of possible links, based on neuroanatomical 

knowledge. Combining functional or effective connectivity analysis with structural 

imaging of white matter tracts (e.g. via DTI) in the same sample of subjects would 

provide a detailed account of the AVH substrate, and an anatomical basis of the 

observed aberrations in functional connections. 

Secondly, results from the rTMS intervention may have been confounded by 

interindividual variability in the neural substrate of AVH, as well as coil positioning. We 

employed the 10/20 EEG system to position the coil, but small variations between 

subjects and subsequent sessions within one subject are likely, and may have 

contributed to variability in the treatment effect, and the lack of consistent changes in 

functional connectivity. Future studies could benefit from individual mapping and 

stereotaxy to target and stimulate the appropriate brain regions.  

Thirdly, relatively little is known about the mechanism of action of rTMS on a 

neurophysiological level. Resting state fluctuations in the BOLD signal have been 

reported to correlate strongly with concurrent fluctuations in neuronal spiking 

(Shmuel & Leopold, 2008), but it is not clear how and to what extent rTMS affects this 

process. There is evidence that low frequency rTMS decreases cortical excitability, and 

these inhibitory effects have been compared to long term depression (LTD) and 

related to transsynaptic activation of GABA-ergic inhibitory interneurons, in 

combination with NMDA-associated postsynaptic modulations (Fitzgerald et al., 

2005; Ziemann, Steinhoff, Tergau, & Paulus, 1998). Other brain imaging methods, 

such as magnetic resonance spectroscopy could shed some light on the 

neurochemical changes associated with rTMS (Luborzewski et al., 2007). 

Conclusions from our data are obviously limited by the relatively small sample 

size, particularly when comparing the different treatment groups. Establishing a 

causal link between rTMS parameters, symptom change and alterations in functional 

connectivity during the resting state will require larger subject samples. Ideally, 

separate evaluations of those subjects who responded favorably to the treatment to 

those who did not would enhance the specificity of the findings. Nevertheless, to our 

knowledge this is the first study in which alterations in functional connectivity 
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between brain areas involved in the processing and monitoring of verbal 

thought/inner speech were observed during the resting state in patients with AVH. 

The extent to which rTMS may modulate these patterns of activity, which likely 

represent the neural substrate of the propensity towards hallucinations, remains to be 

further elucidated. 




