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In this article we review research in our laboratory on auditory hallucinations using behavioral and MRI measure. The review consists
of both previously published and new data that for the first time is presented together in a cohesive way. Auditory hallucinations are
among the most common symptoms in schizophrenia, affecting more than 70% of the patients. We here advance the hypothesis that
auditory hallucinations are internally generated speech perceptions that are lateralized to the left temporal lobe, in the peri-Sylvian
region. From this we predict that hallucinating patients should have problems identifying a simultaneously presented external speech
sound, as measured through performance on the dichotic listening (DL) paradigm with consonant-vowel syllables, since this technique
lateralizes the stimulus input. Across a series of behavioral experiments, we have shown that patients with schizophrenia who experience
frequent auditory hallucinations fail to demonstrate an expected right ear advantage on the dichotic listening test. Absence of a right
ear advantage is indicative of a functional deficit in the left peri-Sylvian region. The results also revealed that patients with ongoing
auditory hallucinations were more impaired than patients with previous hallucinations, and that a higher score on the hallucination item
in a standard symptom rating scale (BPRS) correlated negatively with number of correct reports for the right ear stimulus. Moreover, we
have found that schizophrenia patients fail to shift attention to the left ear stimulus, when explicitly instructed to focus on the right or
left ear stimulus only, thus showing a deficit in inhibition of attention and response-inhibition. The behavioral DL data are substantiated
in two MR morphometry studies that revealed significant reductions in grey matter density in the left peri-Sylvian region in hallucinating
patients, and patients with reduced left temporal lobe grey matter density. Hallucinating patients also failed to show a right ear advantage
in the dichotic listening test. Ongoing fMRI studies are focused on the underlying synaptic and molecular mechanisms by investigating
the effects of the glutamate antagonist drug memantine on auditory perception and speech lateralization, and examination of temporal
cortex-specific gene expression in the left peri-Sylvian region.
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INTRODUCTION

In this article we summarize empirical work related to auditory hallucina-
tions' in patients with schizophrenia conducted in our laboratory over the
last 15 years. The aim of the article is to present the results in a common
frame of reference so that it hopefully “tells a coherent story”. For this
purpose we present data from four behavioral studies using a dichotic
listening (DL) paradigm to assess impairment of lateralized speech sound
processing in hallucinating and non-hallucinating patients compared

with healthy controls, and structural and functional brain imaging data
from two MRI studies. We finally suggest a model for the understanding
of auditory hallucinations as instances of perceptual phenomena, pos-
sibly related to deficient glutamate regulation, and with a genetic origin.
In Study | we have re-analyzed the data presented in Green et al. (1994)
on hallucinating and non-hallucinating patients, adding a new healthy
control group. In Study Il we review data presented in Lgberg et al. (2004)
examining whether or not ongoing auditory hallucinations have more
detrimental effects on dichotic listening performance than having had
a previous history of auditory hallucinations. In Study Ill we present new
data on the relationship between frequency of hallucination and dichotic
listening performance. In Study IV we review data presented in Loberg
et al. (1999) assessing the ability to explicitly focus attention on either the
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left or right ear stimulus in the dichotic listening situation in hallucinating
patients, with the hypothesis that this ability would be impaired in the

"Auditory hallucinations can also involve hearing non-verbal sounds, like noise, whistles,
etc. We have however restricted our studies to auditory verbal hallucinations, i.e.,
“hearing voices”.
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patients. In the first MRI study we present morphometry (VBM) data on
grey matter density in patients and healthy controls, as well as an analy-
sis of cortical thickness. In the second MR study, we present new data
from a pharmacological fMRI study where we investigated the effects of
the drug memantine, which is a glutamate antagonist, on brain activation
when subjects were exposed to dichotically presented speech stimuli.

Hallucinations are one of the most salient positive symptoms in
schizophrenia, particularly auditory hallucinations (i.e., “hearing voices”)
that affects more than 70% of the patients. In the present context audi-
tory hallucinations are considered perceptual experiences that occur
in the absence of a triggering external sensory stimulus (cf. Woodruff,
2004). What characterizes auditory hallucinations is that the patient
experiences “someone speaking to him/her” that is perceived as a real-
ity, with an origin outside of the self. For the patient, auditory halluci-
nations are therefore real perceptions, not imaginations. Such a view
would be consistent with an understanding of auditory hallucinations
as “derived from inner speech that has been misidentified as coming
from outside the self, because of defective self-monitoring” (Frith, 1992).
Others have suggested similar views, stating that auditory hallucina-
tions should be regarded as “misrepresentations of inner experiences”
(Heinks-Maldonado et al., 2007); “misattribution of speech” (Allen et al.,
2007); “misattributed cognition and inner speech” (Kinderman, 2007),
and “competition between auditory stimuli and physiological resources”
(Hubl et al., 2007). A recent study by Tritsch et al. (2007) points to a pos-
sible internal generator for hallucinatory perceptions, possibly caused
by developmental neuronal pathology. Tritsch et al. (2007) found that
supporting cells in the developing cochlea in the rat brain spontaneously
release ATP which initiates bursts of electrical activity in primary audi-
tory neurons before the onset of hearing in newborn rats. Such sponta-
neous ATP-mediated purinergic P2 receptor-dependent signals rapidly
cease after hearing is developed. Supporting cells and hair cells in the
mature cochlea continue to express P2 receptors. It is therefore possi-
ble that sound-independent activity in the auditory nerve could resume
under certain conditions also in adults, through abnormality during
ontogenesis, which could lead to auditory hallucinations in patients with
schizophrenia.

There are several arguments as to why auditory hallucinations could
be regarded as perceptions. The most important argument comes from
recent structural and functional neuroimaging studies showing abnor-
mality in the speech perception areas in the peri-Sylvian region in the
left temporal lobe (Dierks et al., 1999; Kubicki et al., 2002; Neckelmann
et al., 2006). Findings of morphometric changes also go together with
altered neuronal activation during hallucinatory episodes, measured with
fMRI or PET (Hubl et al., 2007; Shergill et al., 2000, Silbersweig et al.,
1995; Woodruff et al., 1997). Since auditory hallucinations occur in the
context of language (see e.g., David, 1999; van der Gaag, 2006) it is
reasonable to conceptualize such experiences as perceptual phenomena
related to speech sound perception, originating in the left hemisphere.
This would also be in line with the suggestion by Crow (2004) that the
core deficit in schizophrenia is related to abnormal language lateraliza-
tion, particularly involving the left hemisphere (see also Crow, 1997). Left
hemisphere speech perception dysfunction has also been demonstrated
in schizophrenia (e.g., Hoffman and McGlashan, 2006). However, if audi-
tory hallucinations are internally generated speech sound perceptions,
in the absence of an external acoustic source, why is this experience
not suppressed as an “illusion”, bur rather is sensed as a real percep-
tual phenomenon? A possibility is that once initiated, there is a lack of
impulse control, or response inhibition, due to failure of what Frith (1992)
called defective self-monitoring, that would in addition involve top-down
processing strategies localized to prefrontal and parietal brain regions
(Fan et al., 2005). Thus, an understanding of auditory hallucinations would
need to address both abnormal perception and impaired impulse control.
In the review of the empirical work below, we start, however, with describ-
ing the bottom-up effects of auditory hallucinations before proceeding to
describing the effects of attention modulation as a top-down effect.

Speech perception and hemisphere asymmetry

An empirical test of whether auditory hallucinations are distortions of
speech perception, and lateralized to the left hemisphere, would ideally
require an experimental approach assessing both auditory perceptions
and lateralization within the same experimental paradigm. The para-
digm should, moreover, not be difficult to understand for the patient,
and should not involve complex processing strategies and/or response
options that would load on other cognitive processes which would con-
found the perceptual measures. The dichotic listening (DL) paradigm
(Bryden, 1988; Hugdahl, 2003; Kimura, 1967) with verbal stimuli, like
consonant—vowel (CV) syllables, would fulfil the criteria of both assess-
ing perception, and localization the processing to the left or right hemi-
sphere. Thus, in the behavioral studies described below, we have used
a DL paradigm with pair-wise presentations of simple CV-syllables
(see Hugdahl and Andersson, 1986 for a detailed description of the
paradigm). Research on functional hemisphere asymmetry has shown
that the left hemisphere, and particularly the upper and middle parts
of the left temporal lobe (peri-Sylvian region), are critical for speech
perception and decoding of phonology (Binder et al., 1996; Binder and
Price, 2001).

In the Bergen DL paradigm (Hugdahl, 2003; Tervaniemi and Hugdahl,
2003), the subject is presented with two consonant—vowel (CV) syllables
simultaneously, one in each ear, and required to report the syllable identi-
fied best on each trial. The instruction emphasizes that the subject should
answer with only the syllable identified best on each trial in order to tap
an initial perceptual process and to avoid confounding with memory since
when required to give two answers the subject has to keep one syllable
in working memory while answering with the syllable initially perceived.
Moreover, the subject is not told that there are two different syllables on
each trial, and also encouraged “not to try to remember, or think about the
stimulus, but just report what you initially hear”. Hearing threshold differ-
ences between the ears are typically tested with audiometer screening
procedures (or similar procedures). The DL stimuli consist of the six stop-
consonants /b/, /d/, /g/, /p/, //, and /k/ paired with the vowel /a/, to form
the six CV-syllables /ba/, /da/, /ga/, /pa/, /ta/, /ka/. A single run consists of
36 trials including all possible pair-wise combinations of the six syllables.
The six homonymic trials are, however, excluded from statistical analysis
since they represent the same stimulus in both ears. Thus, the number of
analyzed trials in a run is 30.

The basic feature of the dichotic situation is to provide more ele-
ments to be processed at any point in time than the brain is capable of.
The question then becomes which element or component of the stimulus
configuration input will be selected. The typical result is that more correct
items are reported from the right ear, also when controlling for threshold
differences in hearing between ears (see Hugdahl, 2003). This is labelled
a right ear advantage (REA) and is a quite robust marker of left hemi-
sphere speech perception lateralization, replicated in hundreds of studies
since first introduced by Kimura (1961).2 The DL test, or paradigm, is
sometimes repeated three times with different instructions to attend to
and report only from the right or left ear stimulus, or no instruction of
attention focus (see Hugdahl and Andersson, 1986). By instructing the
patients to focus attention and respond to only the right or left ear stimu-
lus, it is possible to assess the contribution of attention in addition to
stimulus perception. In addition, instructing the patient to focus attention
on the left ear stimulus produces a top-down/bottom-up processing con-
flict since the stimulus-driven bottom-up effect pushes for selecting the
right ear stimulus, while the instruction-driven top-down effect pushes
for selecting the left ear stimulus.

A frequent explanation for the REA is the neuroanatomical model
suggested by Kimura (1967) which states that the contralateral auditory
neural pathway is more preponderant than the ipsilateral one (Brodal,
1981), and that the left hemisphere is dominant for speech perception

2Kimura (1961) is correctly credited for introducing the dichotic listening technique to
neuropsychology, although she did not use a CV-syllables paradigm.
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Figure 1. Functional brain activation data when healthy subjects listen
to dichotic presentations of consonant-vowel syllables. Note the marked
left hemisphere lateralization in both data sets. The left-hand panel shows
PET-data (from Hugdahl etal., 1999), the right-hand panel shows corre-
sponding fMRI-data (unpublished data Bergen fMRI-group). Both data sets
were evaluated with a statistical significance threshold at p < 0.001 (uncor-
rected). Neurological left-right display conventions.

(Sperry, 1974). This should favor processing of the right ear stimulus
because it would have direct access through the contralateral auditory
pathways to the speech processing areas in the left temporal lobe. A
recent brain lesion study by Pollmann et al. (2004) also showed that the
left ear stimulus needs to be transferred across the corpus callosum from
the right to the left hemisphere in order to be processed, which is addi-
tional support for the Kimura neuroanatomical model.

Neuroimaging research has shown differential blood flow distribu-
tion to the left and right superior temporal gyri during dichotic presenta-
tions of CV-syllables (Hugdahl et al., 1999), demonstrating asymmetrical
activation for processing of dichotically presented CV-syllables in the left
and right hemispheres. Figure 1 shows '30-PET and fMRI-data in healthy
subjects when processing dichotically presented CV-syllables, revealing
a left-sided lateralization in the peri-Sylvian region. In both the PET and
fMRI studies there was also a significant (p < 0.05) REA (i.e., significantly
more correct items reported for the right ear stimulus, corroborating the
brain imaging results).

DICHOTIC LISTENING BEHAVIORAL
RESULTS

The Norwegian studies reviewed below were approved by the Regional
Committee for Medical Research Ethics in Western Norway, and subjects
were treated in accordance with the Helsinki Declaration.

Study |
Study | involved 45 patients from the inpatient units of Camarillo State
Hospital in California (originally published in Green etal., 1994), with
21 non-hallucinating and 24 hallucinating patients. The data in the Green
etal. (1994) study were re-analyzed, and compared with a new group of
50 healthy control subjects randomly drawn from the Bergen DL database.

The patients underwent a diagnostic interview based on the Structured
Clinical Interview for DSM-III-R (Spitzer et al., 1990) and the psychotic
symptom sections of the Present State Examination (Wing et al., 1974).
Potential subjects were excluded if they had an identifiable neurologi-
cal disorder, or signs of mental retardation. No subjects were excluded
for these reasons. All patients were on typical antipsychothic medication,
with a few patients having a history of substance dependence, although
none had abused substances in the last months prior to testing.

The hallucinating and non-hallucinating groups were comparable in
gender distribution, age, education, medication, time since first institu-

Table 1. Demographic data for the hallucinating and non-hallucinating
patients.

Hallucinating Non-hallucinating

pat pat
Age 35.2 years 36.1 years
Education 11.7 years 11.7 years
Duration of 12.16 years 16.17 years
lliness
Positive BPRS Symptoms 4.39 3.48
Negative BPRS Symptoms 8.65 8.09
Medication (Chlorpromazine 1347 1182
Equivalents)

tionalization, and verbal 1Q. Demographics are shown in Table 1. None of
the comparisons between the groups in Table 1 were significant.

The majority of the patients were right-handers with one left-handed
patient in the non-hallucinating group and six patients in the hallucinating
group. The patients received an expanded version of the Brief Psychiatric
Rating Scale (BPRS) within two weeks of testing. It is true that the BPRS
interview does not uniquely assess auditory hallucinations (Lukoff et al.,
1986). Thus, findings could have been confounded by some patients
experiencing visual or other sensory modality hallucinations. Although
this can not completely be ruled out, the clear majority of hallucinations
in schizophrenia are auditory in nature, and perhaps more importantly,
it is not likely to get a score in the upper range (equal to or larger than
“4”) on the BPRS hallucination item if the experience does not involve
hearing voices. It would also be difficult to explain why a visual or tactile
hallucinatory experience should interfere with performance on an audi-
tory task, like DL.

The patient groups had equal scores on conceptual disorganiza-
tion (formal thought disorder) and on the withdrawal/retardation index
(blunted affect, emotional withdrawal, and motor retardation). The hal-
lucinating group had higher scores on unusual thought content, which
indicates a higher degree of delusional thinking, although the means for
both groups were in the psychotic range. At the beginning and at the end
of the testing session, all subjects were administered a brief interview to
determine the time of the most recent hallucinatory experience. In addi-
tion to the BPRS questionnaire scores, the patients were asked just before
the study to (1) give verbatim examples of recent auditory hallucinations,
(2) indicate that the perceptual experience had an auditory quality as
opposed to a thought quality, and (3) indicate that it occurred in a clear
state of consciousness. Of the patients in the hallucinating group, 75%
clearly reported auditory hallucinations during the testing session. Three
patients reported the presence of auditory hallucinations during one hour
before testing, while three patients reported the presence of auditory hal-
lucinations during the two hours before testing. If patients denied at both
the beginning and the end of testing that any auditory hallucinations had
occurred that day, they were included in the non-hallucinating group.

The data were analyzed in a factorial ANOVA with groups and ear
as factors, and the results are seen in Figure 2. The results showed
that the non-hallucinating group performed equally well as the healthy
control subjects with regard to the magnitude of the REA, although with
significantly lower overall performance (p < 0.05). The control and non-
hallucinating groups both differed from the hallucinating group with
regard to the right ear advantage, as indicated by a significant two-way
interaction of Groups x Ear (p < 0.05). In order to control for the effect
of handedness on the DL scores (since handedness has been shown
to relate to hemispheric asymmetry) the data were analyzed with and
without the left-handed subjects. There were six left-handers in the
hallucinating group and one left-hander in the non-hallucinating group.
Excluding the left-handers did not significantly affect the results. When
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Figure 2. Percent correct reports on the GV-syllables DL paradigm split
for right and left ear stimulus presentations, and healthy controls, non-
hallucinating and hallucinating patients with schizophrenia.
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Figure 3. Percent correct reports on the CV-syllables DL paradigm split
for healthy controls, patients with ongoing and patients with previous
auditory hallucinations.

looking at the distribution of individual scores from the right and left ear,
the non-hallucinating patients showed a distribution with 16 of 21 (76%)
with a REA, which would be expected from the healthy control group
data. The hallucinating patients were scattered more evenly, with only
12 of the 24 (50%) patients showing a REA. The finding that patients
with auditory hallucinations did not show the normal REA when tested
with the dichotic presentations of simple CV-syllables was surprising
and set the stage for further hypotheses regarding the neurocognitive
origin of hallucinations. The findings reviewed in Study | have a further
implication in that the results point to a perceptual basis for hallucina-
tions since failure of processing of the dichotic CV-syllables is a percep-
tual failure.

Study 1l
In the second study we review data presented in Lgberg et al. (2004).
We asked the question whether or not the findings in Study | were pri-
marily caused by state or trait effects, i.e., by ongoing or previous hallu-
cinations. We therefore investigated DL performance in a heterogeneous
group of 26 patients who were compared with 18 healthy control sub-
jects. The patients were recruited from diverse treatment facilities in
the Bergen area that included both in- and outpatient clinics, with both
acute and chronic treatment units. All patients met ICD-10 (World Health
Organization, 1992) and DSM-IV and research criteria for schizophrenia
(American Psychiatric Association, 1994), diagnosed by means of the
Structural Clinical Interview for DSM-IV (SCID) by an experienced psychi-
atrist. The Positive and Negative Symptoms Scale (SCI-PANSS) was used
for symptom ratings (Kay et al., 1989). All patients received medication,
with median haloperidol-equivalents per day of 10 mg. The patients and
healthy control subjects underwent the same DL protocol as the patients
in the Green et al. (1994) study. The DL results are shown in Figure 3.

The patient group was further split into two sub-groups, with one
sub-group having a PANSS score of “4” or higher which would indicate
ongoing hallucinations, and another sub-group with a PANSS score of
“2” or less, but with a history of hallucinations, and with two patients not
showing any signs of hallucinations. Previous experience with hallucina-
tions was also recorded through a specially designed questionnaire, and
through the patients’ records. The auditory quality of the hallucinations
was validated through an interview questionnaire used by the therapist,
specifically designed for this study, in addition to the patient’s records
and the SCID interviews.

The results showed a significant overall difference between the
patients and the healthy controls, with fewer correct reports in the patient

group (p < 0.05). The ongoing hallucinations group, moreover, failed to
show a REA, and was significantly different from both the healthy control
group (p < 0.05) and the previous hallucination group (p < 0.05), as indi-
cated by the significant two-way interaction of Group by Ear. Thus, there
was a marked difference in performance on the DL paradigm for patients
with ongoing hallucinations vs. patients with previous hallucinations. The
reduced REA in the ongoing hallucinations sub-group indicates that state
factors may be more important when it comes to the ability to process an
external speech sound presented to the left hemisphere in hallucinating
patients.

Study Il

In the third study we present new data® related to the hypothesis that if
auditory hallucinations are speech mis-perceptions, then the reduction of
the REA would be greater for patients experiencing more frequent hal-
lucinations than for patients experiencing few or no hallucinations. We
therefore compared a group of patients scoring a “1” (no hallucinations)
with a group scoring a “4” or higher (frequent hallucinations) on the BPRS
hallucination item, and then compared performance on the DL paradigm
in the two sub-groups. There were 37 patients with “no hallucinations”
and 44 patients with “frequent hallucinations”. The two patient groups
were also compared with a group of 50 healthy control subjects. The
means for the three groups are seen in Figure 4.

An ANOVA showed a significant interaction between Groups and Ear
(» < 0.005), and follow-up tests showed that the interaction was due to
failure of a significant REA in the “frequent hallucinations” patient group,
while the “no hallucinations” patient group and the healthy control group
both had a significant REA.

We also had the opportunity to correlate the DL scores with positive
and negative symptoms using the entire range of BPRS questionnaire
scores from “1” to “7”. The DL right and left ear scores were converted
to a laterality index score defined by the formula: [(right ear score — left
ear score)/(right ear + left ear score)] x 100. This analysis was done
on an extended sample of 101 patients diagnosed with schizophrenia.
The objective was to rule out that the relationship between DL
performance and hallucinations described in Studies I-lll above would
replicate for all symptoms in the BPRS questionnaire, thus suggesting
that the results would be more related to overall illness severity rather

°The patients were an extended sample of patients from Bergen Clinics and from the
former Camarillo State Hospital, CA, USA not previously reported for the whole sample.
Some of the patients were included in Laberg et al., 1999, and Hugdahl et al., 2008.
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Figure 4. Percent correct reports on the CV-syllables DL paradigm split
for right and left ear stimulus presentations, and healthy controls, non-
hallucinating and frequently hallucinating patients.

than symptom specificity. The results showed a significant correlation
only for the positive BPRS symptoms (r=-0.31, p < 0.05), while total
BPRS scores (r=-0.13, n.s.) and negative symptoms (r=-0.03 n.s.)
showed non-significant correlations with DL performance. The positive
symptoms in the BPRS questionnaire include items related to delusions
and conceptual disorganization in addition to hallucinations. The correla-
tion analysis revealed that delusions and conceptual disorganization are
related to impaired performance on the DL test. Because the thematic
content of auditory hallucinations is often delusional and conceptually
disorganized, it could therefore be predicted that these items should
be correlated. It is probably rare to find a patient with frequent and/or
intense auditory hallucinations who not also shows frequent signs of
delusions, and consequently would get a high score on the BPRS unu-
sual thought content item. Since there was no significant correlation
between DL performance and the total BPRS score we can rule out that
the reported significant effect for hallucinations was caused by illness
severity in general.

Study IV

In the Loberg et al. (1999) study we addressed the issue whether self-
monitoring and response inhibition may also be impaired in patients
with schizophrenia, and should be factors to consider when trying to
understand the neurocognition of auditory hallucinations. Moreover, an
understanding of the neurocognitive basis for auditory hallucinations
should take into account the ability to shift attention away from the
voices. This would engage other cortical areas and networks, particu-
larly in fronto-parietal regions (Posner and Raichle, 1994; Posner and
Rothbart, 2007). Hallucinations involve a shift of attention towards the
“voice”, when the voices are kept active in working memory, while suc-
cessful therapy may involve getting the patient to orient attention away
from the “voices”.

From this follows a prediction that attention to an external auditory
source, like CV-syllables, would also be attenuated in patients with audi-
tory hallucinations. Since attention activates a fronto-parietal network,
attention failure in the forced-attention DL task, in hallucinating patients,
could be linked to the well-known hypofrontality syndrome (Blakemore
and Frith, 2000) in schizophrenia, in general. By instructing the patients
to actively shadow only the right, or left, ear stimulus when undergoing
the DL paradigm (Hugdahl and Andersson, 1986), this prediction could
be empirically tested. Figure 5 show data from Lgberg et al. (1999)
based on 33 schizophrenia inpatients and 33 healthy control subjects.
The mean BPRS score on the hallucination item was 4.85 (SD 2.29),

H right Ear D LettEar

3283
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% Correctreports
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28

Pat FR attent

Pat FL attent

Cntrls FR attent Cntrl FL attent

Figure 5. Percent correct reports on the CV-syllables DL paradigm split
for right and left ear stimulus presentations, and healthy controls and
patients, when the subjects were instructed to focus attention on either
the right (“forced-right”) or left (“forced-left”) ear stimulus.

which indicates that the patients had frequent hallucinations. The DL
results showed that the patients were significantly (p < 0.05) impaired
compared to the healthy control subjects during the forced attention
conditions. Thus, the patients showed a deficit in the ability to inhibit a
stimulus-driven right ear response and shift attention focus to the right
or left ear stimulus.

The implication of this is that patients with schizophrenia seem to be
impaired in using a self-initiated top-down processing strategy to over-
come a stimulus-initiated bottom-up REA, independently of whether they
fail to show a stimulus-driven REA in the first place.

SUMMARY AND DISCUSSION

OF BEHAVIORAL DATA

To summarize, the DL data showed an inverse relationship between audi-
tory hallucinations and right ear performance, supporting the idea that
auditory hallucinations interferes with the perception of an externally
presented speech sound, localized to the left temporal lobe. What is not
clear from the DL results is whether this is caused by a direct interference
at the time of “hearing voices” or that having experienced hearing voices
over a long time is a consequence of pathology at the neuronal level
localized to the left peri-Sylvian region.

The results from Study | and Il may indicate that both factors are
operative. In Study | we also compared DL performance for a sub-group
of the hallucinating patients when they were both in a hallucinating and
non-hallucinating state. The results showed no difference in perform-
ance, with close to zero difference between the right and left ear scores
in both states. This indicates that having repeated frequent experiences
with hallucinations is a predictor of failure of DL performance, which
points to a pathology that causes distortions of perception related to
speech and language (cf. Allen et al., 2007; Heinks-Maldonado et al.,
2007), and/or dysfunction of language-related neurocognitive networks
(Plaze et al., 2006). The results in Study IV indicates that hallucinating
patients, in addition to showing an abnormal perceptual response, also
may have deficient source monitoring (cf. David, 1999; 2004) and an
inability to use attention to cognitively suppress or inhibit a perceptually
salient stimulus.

MR MORPHOMETRY DATA

The next main question asked was whether there would be markers of
brain tissue abnormality or pathology in the left temporal lobe in patients
with schizophrenia, and particularly in patients with frequent auditory
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hallucinations, which would explain the failure of such patients to show an
expected REA on the DL task. For example, Kubicki et al. (2002) reported
that patients with schizophrenia had significantly reduced grey matter
density in the left peri-Sylvian region (see also DelLisi, 1999). Moreover,
Silberzweig et al. (1995) reported increased regional blood flow in this
region when patients were actively hallucinating (see also Shergill et al.,
(2000, 2004), and Hoffman et al. (2007) found that applying transcranial
magnetic stimulation (TMS) to the left peri-Sylvian region interfered with
ongoing auditory hallucinations, thus pointing towards a new way of treat-
ment that would affect both perception, attention, and self-regulation.

With these findings as a backdrop we had the opportunity to scan
a sub-sample of the patients participating in the Hugdahl et al. (2004)
fMRI-study on working memory deficits in schizophrenia, using voxel-
based morphometry (VBM) to quantify differences in grey matter density
between the patients and a healthy control group (see also Neckelmann
et al., 2006). VBM is a semi-automated parametric MR imaging tech-
nique (Ashburner and Friston, 2001) to statistically evaluate differences
on a voxel-by-voxel basis between two groups of subjects, in our case,
a group of patients with schizophrenia and a healthy control group, for
the identification of regionally specific differences in gray or white matter
volume concentration without having to focus on a predefined region of
interest.

Voxel-based morphometry of grey matter density
and hallucinations
We split the patients (n = 12) on whether they scored a “1” or “>1” on the
BPRS questionnaire hallucination item, thus sub-dividing the sample into
non-hallucinating (= = 6) and hallucinating (» = 6) sub-groups, and then
compared the two groups with a group of healthy control subjects (n = 12).
The objective was to investigate whether patients with schizophrenia who
fail to show a REA in the DL test also show signs of brain abnormality in
regions related to the left peri-Sylvian region. All subjects were scanned
with a Siemens 1.5 Tesla MR scanner. It should be mentioned at the outset
though that since the size of the sub-groups was quite small, the VBM
results should be read with caution and firm conclusions not be drawn.
The results are seen in Figure 6A and showed that hallucinating
patients had significantly reduced (p < 0.001, uncorrected) grey matter
density in the left superior temporal gyrus, the medial prefrontal cortex
in peri-ventricular areas, and in the thalamus. The non-hallucinating
patients (seen in the right-hand panel) did not show any comparable
reductions.

Voxel-based morphometry of grey matter density and REA
A second analysis involved splitting the patients into those showing a REA
(n=7) on the DL task vs. those that showed no ear advantage, or a left

Hallucinating patients

Non-Hallucinating patients

Figure 6. Colored areas show significant reductions in grey matter density in the schizophrenia patients compared to healthy control subjects.
The upper panel shows the sub-group of hallucinating (left) and non-hallucinating (right) patients compared to controls. The lower panel shows the sub-groups
of patients that failed (left) respectively managed (right) to show a REA on a dichotic listening test.
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ear advantage (n» = 5) and then applied the VBM analysis for differences
in grey matter density between the sub-groups of patients and the same
healthy control group (n =12) (see Figure 6B). A REA was defined as
having at least one more correct report for the right ear stimulus. A left
ear advantage (LEA) was correspondingly defined as having at least one
more correct report for the left ear stimulus, and a no ear advantage
(NEA) was defined as having an equal number of correct reports for the
right and left ear stimulus. The results from the REA VBM analysis are
shown in Figure 6B.

The sub-group of patients who failed to show a REA (left-hand panel)
had significant (p < 0.001, uncorrected) reductions in grey matter den-
sity, particularly in the left peri-Sylvian and thalamic areas, that was not
seen in the patients with a REA on the DL paradigm (right-hand panel).
The patients who failed to show a REA also had scattered grey matter
reductions in the right hemisphere, while the patients who showed a REA
had a small area with grey matter reduction in the left prefrontal cortex.
The grey matter reductions in thalamic areas in the hallucinating patients
can be interpreted as a gating failure, or deficit. Hugdahl et al. (1990)
found that intracranial electric stimulation of thalamic nuclei in Parkinson
patients undergoing stereotactic surgery for tremor symptom relief, also
affected the ear advantage when they were simultaneously tested on the
DL paradigm. They suggested that the thalamus may act as a “gating
switch” to gate auditory input to the processing areas in the temporal
cortex. We therefore suggest that the results may be interpreted as a
gating deficit in schizophrenia (cf. Siegel et al., 1984).

Freesurfer analysis of cortical thickness

To further pursue a suggested pathology in the speech processing areas
of the left temporal lobe in schizophrenia (Dierks et al., 1999; Gaser
et al., 2004; Lawrie and Abukmeil, 1998; Neckelmann et al., 2006) we
also analyzed differences in thickness of the cortical mantle, using the
Freesurfer software, for the same patients that participated in the VBM
study. Analysis of cortical thickness would reflect possible additional grey
matter pathology related to the architecture of the cortical foldings that
could be a marker of neuronal displacements, like polymicrogyria and
neuronal migration disturbances, which in turn could point to a neurode-
velopmental abnormality in schizophrenia, also related to hallucinations.

Cortical thickness was estimated as the distance between the gray/
white boundary and the outer cortical surface, resulting in a continu-
ous estimate across the cortical mantle. Regional cortical thinning has
been demonstrated in aging and related clinical states such as demen-
tia (Espeseth et al., 2006; Salat et al., 2004), that also has been shown
to correlate with functional outcomes including performance on cogni-
tive tests, with reduced thickness and tissue volume associated with
decreased cognitive capacity (Fjell et al., 2006). Although the reasons for
the functional correlations with cortical thinning are not entirely known,
it has been suggested that number of neurons or synaptic connections,
dendritic expansion, or myelin thickness are related to the thickness of
the cortical mantle (Deary and Caryl, 1997). Figure 7 show the results of
the Freesurfer analysis.

Thus, it is reasonable to assume that if patients with schizophrenia
and particularly patients with frequent hallucinations, show reductions
in grey matter density compared to healthy controls, corresponding to a
failure to show an expected REA in the DL task, then it is reasonable to
assume that they would also show signs of cortical thinning.

Figure 7 shows that the most pronounced difference in cortical thick-
ness between the patients and the control subjects was in the left temporal
lobe area in the peri-Sylvian and planum temporale areas, indicated by the
“boomerang-shaped” area in Figure 7. Taken together, the MR morphom-
etry results indicate that patients with schizophrenia show pathology at
the neuronal level in the speech perception areas in the left hemisphere.

BOLD fMRI and REA
The MR morphometry results were followed-up in a recent fMRI study in
our laboratory, where 14 patients with a diagnosis of schizophrenia and

Auditory hallucinations in schizophrenia

Left Hemisphere

Right hemishere

Figure 7. Areas with warm (red, yellow) colors show areas with reduced
cortical thickness in patients with schizophrenia compared with healthy
controls. Note the marked asymmetry in the peri-Sylvian region inside the
circles. Areas in cold colors (blue) show increased thickness in the patients.
Significance threshold set to p < 0.001 with a cluster extension of at least
10 voxels. Neurological left-right display conventions.

16 healthy controls were scanned while listening to dichotic presentations
of the CV-syllables. The subjects were scanned with a GE Signa 3.0 T
scanner, which would allow for better spatial resolution, and the data
analyzed with the SPM5 software. A p < 0.05 (corrected) significance
threshold revealed significant reduction in activation in the patients in the
superior and medial temporal gyri, on both the left and right side, but
with a relatively larger reduction on the left side compared to the healthy
controls.

The patients in the fMRI were defined as “non-hallucinating” on
the PANSS hallucination item. This could explain why we did not see
increased activation in the left peri-Sylvian region that has been observed
in hallucinating patients (Dierks et al., 1999; Shergill etal., 2000). It
therefore remains to be demonstrated whether patients with frequent
hallucinations that show reduced grey matter density and fail to show
an expected REA on the DL task, show increased or decreased neuro-
nal activation in an fMRI situation. Both outcomes could be predicted,
depending on the functional significance of the grey matter abnormality
in the left temporal lobe. One possibility is that the functional differences
are due to volumetric changes in the brain of hallucinating patients, pos-
sibly caused by atrophy. This is however unlikely since unpublished data
from our lab have shown that BOLD activation changes do not seem to
follow volumetric or perfusion changes in general.

SYNAPTIC MEDIATION AND THE GENETICS
OF AUDITORY HALLUCINATIONS

A series of ongoing studies in our laboratory is addressing the question
of mediating mechanisms at the synaptic and genetic levels that may
mediate the behavioral and brain structural and functional findings. We
are currently working along the lines that a deficit in glutamate function
may be instrumental in mediating the failure to show a REA in the DL test.
It is known that schizophrenia patients show lower levels of glutamate
and we are currently collecting data on glutamate concentrations in the
left and right temporal lobe areas, in the peri-Sylvian region using MR
spectroscopy, and to correlate the spectroscopy results with frequency of
hallucinations and DL performance.

NMDA receptor function
We recently performed an fMRI study where the effect of glutamate on cog-
nitive function was investigated by manipulating levels of glutamatergic
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transmission through administration of memantine (Ebixa®). Memantine
reduces the action of glutamate in the NMDA receptor and is a frequently
used drug for treating Alzheimer’s disease because it reduces the exci-
totoxic effect of increased accumulation of glutamate caused by the
disease process. Excess glutamate in brain parenchyma has excitotoxic
effects. The study involved 28 healthy participants aged 20-30 years
who were taking memantine orally during 21 days, gradually increasing
the dose from 10 to 20 mg to obtain a steady-state concentration before
the subjects were tested with the DL paradigm while in the MR scanner.
The design was a cross-over design so that all subjects also participated
when not on memantine, thus using a within-subjects control procedure.

The fMRI data were acquired on a 3.0 Tesla GE MR scanner, using a
block-design with 30 second alternating ON- and OFF-blocks. We used
a sparse sampling image acquisition technique where the CV-syllables
were presented in “silent gaps” when the scanner was turned off. This
was done in order not to confound the BOLD responses to the CV-syllables
stimuli with the BOLD responses to the scanner noise. We also used a new
oral response technique where the subjects responded orally after each
trial which CV-syllable they had heard, making the fMRI DL paradigm iden-
tical to the behavioral DL paradigm described above (van den Noort et al.,
2007). The BOLD data were analyzed with the SPM5 analysis software
package. The significance threshold was set to p < 0.05, FWE-corrected
for multiple comparisons and with a cluster extension of 10 voxels for the
main-effects analysis, reducing the threshold to p < 0.01 and 0.05 for the
between-condition comparisons.

Preliminary results are seen in Figure 8. The results show that
memantine has the effect of reducing neuronal activation in the peri-
Sylvian region, particularly on the left side. When comparing the meman-
tine and drug-naive conditions against each other, there were remaining
significant activations for the drug naive condition minus the meman-
tine condition contrast that was not seen when reversing the contrast.
Since the NMDA receptor is widely distributed across brain regions, we
expected that memantine would have a general effect of reducing brain
activation in an extended activation network that would correspond to
the overall effect of glutamate in the brain. This was also seen in the
fMRI results. The fMRI results were paralleled in the behavioral data with
reduction of the magnitude of the REA in the memantine condition.

Thus, although reasoning by analogy from the results on healthy indi-
viduals, we suggest that glutamatergic transmission may be deficient

in auditory hallucinations which may trigger the experience of hearing
voices (cf. Bartha et al., 1999; Tritsch et al., 2007). The analysis of the
MR spectroscopy data may further support such a hypothesis that would
corroborate the behavioral and fMRI data. We intend to follow-up the
memantine study with a corresponding study on hallucinating and non-
hallucinating patients with schizophrenia.

As for the genetics of auditory hallucinations, we are currently using
microarray technology for asymmetry of gene expression in the left and
right temporal lobe, particularly in the peri-Sylvian region. Genetic vulner-
ability may predispose for auditory hallucinations in patients with schizo-
phrenia. The aim of these studies is to identify new candidate genes that
affect speech perception in general, but also would affect susceptibility to
develop auditory hallucinations in particular. Speech and language distur-
bances are likely to display complex inheritance, involving several differ-
ent genes (Fisher et al., 2003), although some rare monogenic disorders
are also known.

As an example, mutations in the forkhead-box transcription fac-
tor gene FOXP2 cause severe speech deficits in combination with
impairments in expressive and receptive language (Lai etal., 2001;
Vargha-Khadem et al., 1995). Patients with abnormal FOXP2 function
show disturbed activation of language-related brain regions, such as
underactivation of Broca’s area (Liegeois et al., 2003). Interestingly,
polymorphisms in FOXP2 have recently been associated with auditory
hallucinations in schizophrenia (Sanjuan et al., 2006). The cholecystoki-
nin type A receptor (CCK-AR) is another gene that has been suggested
to confer susceptibility to auditory hallucinations (Sanjuan et al., 2004;
Toirac et al., 2007; Wei and Hemmings, 1999). Due to the recent finding
by Sun et al. (2005) of a gene (LMO4) being expressed differentially in
the left and right peri-Sylvian region in embryonic human brains, it is
now an open question whether an abnormality in gene expression in
the left vs. right peri-Sylvian area may be a factor behind auditory hal-
lucinations. The finding by Sun et al. (2005) also fits nicely with previous
findings that the left hemisphere is more vulnerable for disturbances
during ontogenesis (Gogtay et al., 2004).

We have recently shown that gene expression profiles in the rat brain
disclose regional patterns of functional specialization, serving as genetic
fingerprints (Stansberg et al., 2007). The transcriptional profiles of the
rat frontomedial, temporal and occipital cortices showed several sig-
nificantly enriched genes in each cortex-sub-region in the right and left

Figure 8. fMRI BOLD activation in the left and right peri-Sylvian areas when listening to dichotic presentations of CV-syllables. The upper row
shows activations for the Drug-naive condition, the lower row shows the corresponding activations for the Memantine condition. From left to right: Axial slices
corresponding to 16—-20 mm above the AC-PC midline in the standardized Talairach and Tournoux (1988) coordinate system. Neurological left-right display

conventions.

Frontiers in Human Neuroscience | March 2008 | Volume 1 | Article 6



hemispheres (Stansberg et al., unpublished data). These genes mainly
include transcription factors, ion channels, receptors, and proteases. We
are now exploring the existence of a similar specificity of gene expression
in human brain postmortem samples with respect to hemisphere asym-
metrical expression. We moreover intend to perform case control asso-
ciation studies of these cortex subregion-enriched genes with respect
to their potential role in speech perception in general, and in distorted
speech perception, as in auditory hallucinations, in particular, based on
the hypothesis that auditory hallucinations are related neuronal dysfunc-
tion in the inner ear or left peri-Sylvian region.

DISCUSSION AND CONCLUSIONS

In the present paper, we advance the idea that auditory hallucinations are
internally generated speech perceptions that are localized in the left tem-
poral lobe, in the left peri-Sylvian region. If hallucinations are misidentified
perceptions originating in the speech perception area of the left temporal
lobe, then hallucinating patients should have problems identifying a simul-
taneously presented external speech sound, especially when the sound
is presented lateralized to the left hemisphere. Using a DL paradigm with
pair-wise presentations of consonant—vowel syllables we showed that
patients with schizophrenia who experience frequent and/or intense audi-
tory hallucinations fail to show an expected REA which may be indicative
of a functional deficit in this brain region. The results have also shown that
patients who experience frequent hallucinations are impaired in their ability
to use top-down cognitive strategies to overcome a bottom-up stimulus-
driven right ear effect when instructed to focus attention on the left or right
ear stimulus. The behavioral data are supported by MR brain imaging data
looking for pathology of grey matter density in patients with schizophre-
nia, particularly in the left hemisphere. The reviewed studies have revealed
significant reductions in grey matter density in the left peri-Sylvian region,
including thinning of the cortical mantle, also supported by altered neuronal
activation as seen in the fMRI results. Using the drug memantine (ebixa®)
to inhibit the action of glutamate at the NMDA receptor site showed a nega-
tive effect on the REA. The fMRI BOLD data moreover showed reduction in
neuronal activation in the same regions when subjects were on memantine
compared to when the same subjects were drug-naive. Finally, we suggest
that deviant gene expression in the left peri-Sylvian region in schizophrenia
patients may predispose the patients for auditory hallucinations.
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