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Objective The recent nonlinear analyses of electroencephalogram (EEG) data have shown
that the correlation dimension (D2) reflects the degree of integration of information proc-
essing in the brain. There is now considerable evidence that auditory hallucination (AH)
reflects dysfunctional gamma and beta frequency oscillations. Gamma oscillations are thought
to reflect internally driven representations of objects, and the occurrence of subsequent beta
oscillations can reflect the modification of the neuronal circuitry used to encode the sensory
perception. The purpose of this study was to test whether AH in schizophrenia patients is
reflected in abnormalities in D2 in their EEG, especially in the gamma and beta frequency
bands.

Methods Twenty-five schizophrenia patients with a history of treatment-refractory AH
over at least the past 2 years, and 23 schizophrenia patients with no AH (N-AH) within the
past 2 years were recruited for the study. Artifact-free 30-s EEG epochs during rest were
examined for D2.

Results The AH patients showed significantly increased gamma frequency D2 in Fp2
and decreased beta frequency D2 in the P3 region compared with the N-AH patients. These
results imply that gamma frequency D2 in the right prefrontal cortex is more chaotic and that
beta frequency D2 in the left parietal cortex is more coherent (less chaotic) in AH patients
than in N-AH patients.

Conclusion Our study supports the previous evidence indicating that gamma and beta
oscillations are pivotal to AH, and also shows the distinctive dimensional complexity be-
tween the right prefrontal and left parietal cortexes as the underlying biological correlates
of AH in schizophrenia patients.

KEY WORDS: Auditory hallucination, Schizophrenia, Correlation dimension, Dimensional
complexity, Gamma and beta frequency oscillations, Electroencephalogram.
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Introduction

There have been several reports that high-frequency oscillations (especially beta)
are more predominant in the electroencephalogram (EEG) in schizophrenia patients
with auditory hallucination (AH) than in control subjects.? The gamma to beta tran-
sition in response to novel auditory stimuli has been observed in human EEG® as
well as in animal studies.* Furthermore, there is evidence of a strong correlation
between the gamma and beta frequency bands in response to novel auditory stim-
uli.®® Thus, the transition from gamma to beta oscillations is believed to be crucial
to auditory sensory perception.

Functional neuroimaging studies for schizophrenia patients during AH have re-
vealed activation in speech-related areas such as the left superior temporal cortex,”'?
left inferior parietal cortex,”!' and left inferior frontal cortex.'? In addition, the activation
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of the right superior temporal cortex,” thalamus and
cingulate has been shown to occur during AH.'*'> One
other study of AH revealed the activation of the frontal
cortex, amygdala and hippocampus in addition to that of
the primary auditory cortex.'® These findings suggest that
AHs are a complex feature of psychosis that reflects
abnormal activities in multiple interrelated regions.

Moreover, there is accumulating evidence of functional
differences among these brain regions. For example, whilst
the prefrontal cortex is believed to be involved in inter-
nally driven sensory representation and executive func-
tions,'™® the temporoparietal cortex is involved in the
sensorial encoding of sound."’

The analysis of EEGs based on nonlinear dynamics
provides information on the dimensional complexity (DC),
such as the correlation dimension (D2), entropy, and first
positive Lyapunov exponent. The D2 of the EEG reflects
the complexity (or flexibility) of information processing
of the brain, since it is defined as the number of inde-
pendent variables that are necessary to describe the be-
havior of a dynamic system. Although research into the
DC remains largely insufficient, the complexity might
reflect the processing of information in the brain and
include both the integration of the activity of functionally
segregated neuronal groups and the integration of inco-
ming stimuli with ongoing, spontaneous brain activity.*’

Several studies have investigated DC in patients with
schizophrenia, but the findings have been contradictory,
variously indicating increased or decreased DC in these
patients. However, a detailed analysis of the disease sta-
tuses of the subjects of the previous studies reveals that
there is a consistency in the previous research findings.
While the studies which reported increased DC usually
recruited newly onset, drug naive, and active symptomatic
schizophrenia patients,”'* those that reported decreased
DC recruited relatively chronic, drug-taking, and less
symptomatic patients.”>*” Accordingly, we concluded that
it is fruitless to address the DC of schizophrenia patients
without considering their disease courses and specific pa-
thologies, which can affect the neuronal activity in their
brain.

Our basic hypothesis was that schizophrenia patients
with persistent AH would generally show increased D2,
but that their D2 value might vary according to the
functional activity of the brain region. The purpose of the
present study was to elucidate how D2 changes depending
on the brain region in schizophrenia patients with AH.

Methods

Subjects
Twenty-five schizophrenia patients with a current his-
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tory of persistent AH over at least the past 2 years were
recruited. Ten of the patients were referred from other
hospitals following the placement of local advertisements.
All of the patients met the Diagnostic and Statistical
Manual of Mental Disorders IV (DSM-IV) criteria for
schizophrenia based on both the Structured Clinical In-
terview for DSM-IV and psychiatric chart review.®*’
Twenty-three schizophrenia patients with no history of AH
(N-AH) in the past 2 years were also recruited. The ex-
clusion criteria were a history of central nervous system
diseases (e.g., epilepsy or cerebrovascular accident), al-
cohol or drug abuse, electroconvulsive therapy, mental
retardation, head injury with loss of consciousness, or
hearing impairment. All of the AH and N-AH patients were
right-handed. AH status (i.e., experiencing treatment-
refractory AH for the past 2 years) was determined by an
Structured Clinical Interview for DSM-IV (SCID) in-
terview and chart histories. To further assess the more-
recent AH status, the hallucinatory behavior subscore from
the Positive And Negative Syndrome Scale (PANSS) for
the 2 months prior to testing was examined.*® As can be
seen in Table 1, the scores on the hallucinatory behavior
subscore were significantly higher in the AH patients
than in the N-AH patients.

The AH and N-AH patients were group matched for
age, sex, duration of illness, duration on stable medication,
number of prior hospitalizations, and PANSS scores (to-
tal, positive, and negative scores; Table 1). At the time
of enrollment, all of the patients in both groups were on
stable antipsychotic regimens of either risperidone (N=
34, AH/N-AH=18/16) or olanzapine (N=14, AH/N-AH=
7/7) and had not used benzodiazepine for at least 2 weeks.
All of the subjects signed a written informed consent
approved by the Inje University [lsanpaik Hospital Insti-
tutional Review Board prior to their participation.

Electroencephalogram recording and analysis
With the subject in a relaxed state, the EEG was re-
corded with the eyes alternatively closed and open for 1
min each, for a total of 15 min from 18 scalp locations
(Fpl, F3, C3, P3, Fp2, F4, C4, P4, F7, T3, T5, O1, F8,
T4, T6, 02, T1, and T2) using the international 10—20
system with a linked ear reference. The EEG data were
collected using a conventional 32-channel electroenceph-
alograph (Nicolete Biomedical, Madison, W1, USA) in
a dimly lit, soundproof, electrically shielded room. Hor-
izontal eye movements were recorded across electrodes
1-cm lateral to the outer canthus of each eye. The EEG
was recorded at a rate of 250 Hz, with a sensitivity of 7
£V, and bandpass filtered at 1—70 Hz. Eye-blinking
artifacts and segments contaminated by other artifacts
on visual inspection were excluded. The resting EEG
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TABLE 1. Demographic data and Positive And Negative Syndrome Scale (PANSS) scores of the auditory hallucination (AH) and non-AH

(N-AH) patients

AH (N=25) N-AH (N=23)
t/ 22 p
Mean SD Mean SD

Age (years) 39.2 6.8 38.5 7.1 0.62 0.535
Sex (male/female) 11/14 10/13 0.21 0.643
Education (years) 11.4 3.0 13.3 2.2 -2.38 0.022
Duration of illness (years) 8.2 4.2 9.3 4.3 -1.03 0.304
Duration on stable medication (weeks) 12.3 3.4 13.2 3.2 -0.92 n.s.
Duration of benzodiazepine abstinence (weeks) 3.5 1.3 3.2 1.1 0.27 n.s.
Number of prior hospitalizations 2.0 2.0 2.7 3.2 0.72 n.s.
PANSS total 54.2 7.9 52.3 8.5 1.96 n.s.
Hallucinatory behavior score 4.2 0.8 0.3 0.4 19.5 0.000
Positive score 28.2 4.9 26.5 3.0 1.40 n.s.
Negative score 27.6 3.1 27.4 3.5 0.25 n.s.

n.s.: not significant

corresponding to one artifact-free 30-s epoch with the
eyes closed were subjected to nonlinear analysis. The
band pass filtering was used to extract the beta and gam-
ma frequency bands before the nonlinear analysis. The
frequency bands were defined as beta (13—21 Hz) and
gamma (30—50 Hz) based on the results from previous
studies."*!

We used the Grassberger-Procaccia algorithm to cal-
culate D2 from the EEG scalar time series v (¢;) (= 1,2,
-+, N,) where the index i represents the i-th sampled
value of the total sampling number N,. The phase space
can be reconstructed by using a sequence of N=N,—
(n—1)d new vectors, v; (=1, N) =, Visg, =" Vis
m-1a) where d and n correspond to the delay number
and embedding dimension, respectively. These vectors
define the flow in the reconstructed n-dimensional phase
space. The delay number, d, is determined by the first
minimum of the mutual information function.*?

This choice of d ensures that two successive delay co-
ordinates are as independent as possible. Excessively
short delays would compress the attractor to the diagonal
of the reconstruction space, whereas for excessively large
values of d, the structure of the attractor would disap-
pear. The minimal embedding dimension, n, is determined
by the procedure of Kennel et al.*®

The correlation integral, C (), represents the fraction
of distances between the points on the attractor smaller

than a certain distance, r:>43°

N N
C =5 Z N OG—Iva)-vE)
i=1 Joi
where N is the number of reference points and & is the
Heaviside function:
0 (x)=0 if x<0
6 (x)=1 if x=0

if N is sufficiently large, the following relation holds:

The dimension of the reconstructed attractor can be
estimated from the slope of the linear region in the (log’,
log"’) plot. This slope is determined by a linear regres-
sion of the (log’, 1og“”) plot between 7y, and 7y, Where
Fiax and 7 are chosen such that C (rpay) =0.1 and rp,
=ry+0.5 % (raux—10), With 7, being the smallest distance
be-tween any two points on the attractor.

A delay number of 4 and an embedding dimension of
9 were used for both the AH and N-AH patients. The
value of D2 was obtained by the commercial analysis
program of Complexity ver.2.0 (LAXTHA Inc., South
Korea). Group comparisons were performed with chi-
square or independent t-tests.

Results

The demographic data did not differ between the AH
and N-AH patients except for the degree of education
(Table 1). However, the educational level was not cor-
related with any of the dependent variables in either group
(p>0.15 in all cases).

D2 did not differ between the two groups over the 1—
70 Hz band. Bandpass filtering, however, revealed that
D2 was higher in the AH patients than in the N-AH
patients at Fp2 (2.09%0.39 vs. 1.83£0.49, p=0.045;
Table 2) in the gamma band (30—50 Hz), and at P3
(2.11£0.27 vs. 2.30£0.27, p=0.018; Table 3) in the beta
band (13—21 Hz).

Our results revealed that schizophrenia patients with
AH have opposite DC values between the right prefrontal
and left parietal cortex in their brain, which reflects the
distinctive information processing in these regions.
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Discussion

The first main finding of our study was that the gamma
frequency D2 in the right prefrontal cortex was higher in
the AH patients than in the N-AH patients. The results

TABLE 2. Gamma band (30—50 Hz) correlation dimension of
30-s resting electroencephalogram (EEG) epochs at each ele-
ctrode in auditory hallucination (AH) and no AH (N-AH) patients

Correlation Dimension Statistical data

AH (N=25 SD N-AH (N=23) S$D t P
Fpl 2.08 0.37 1.87 0.48 1.70 0.096
F3 2.17 0.37 1.86 0.71 1.89 0.064
C3 2.19 0.48 1.93 0.67 1.58 0.121
P3 2.15 0.40 2.05 0.46 0.79 0.431
Fp2 2.09 0.39 1.83 0.49 206 0.045
F4 2.05 0.37 1.93 0.66 0.77 0.445
C4 2.17 0.53 2.12 0.41 0.40 0.689
P4 2.01 0.43 2.02 0.56 —.078 0.938
F7 1.79 0.57 1.75 0.65 0.23 0.813
T3 2.21 0.52 1.92 0.71 1.58 0.119
15 2.07 0.58 2.16 0.49 —0.56 0.577
o1 1.93 0.46 1.97 0.62 —0.23 0.817
F8 2.04 0.52 1.75 0.78 1.54 0.129
T4 2.19 0.60 2.01 0.70 0971 0.337
T6 2.12 0.47 2.01 0.57 0.75 0.453
02 2.15 0.25 2.01 0.59 1.05 0.296
T 1.88 0.62 1.76 0.68  0.62 0.536
T2 1.90 0.53 1.76 0.66 081 0.421

TABLE 3. Beta band (13—21 Hz) dimensional complexity of 30-s
resting electroencephalogram (EEG) epochs at each electrode
in auditory hallucination (AH) and no AH (N-AH) patients

Dimensional complexity

Statistical data

AH (N=25) SD N-AH (N=23) SD t P
Fpl 2.22 0.44 2.05 0.63 1.07  0.289
F3 2.09 0.43 1.87 0.51 1.63 0.110
C3 2.05 0.34 2.17 030 —-1.24 0218
P3 2.11 0.27 2.30 0.27 —-2.44 0.018
Fp2 2.27 0.30 2.25 0.37 0.19  0.847
F4 2.06 0.36 1.96 0.49 0.81  0.421
C4 2.11 0.34 2.17 0.38 —0.50 0.616
P4 2.13 0.45 2.21 0.42 -0.59 0.555
F7 2.15 0.36 2.10 0.53 0.39  0.697
T3 2.31 0.30 2.19 0.38 118 0.241
15 2.19 0.35 2.32 0.44 —1.17 0.246
o1 2.22 0.31 2.30 0.38 —0.83 0.408
F8 2.16 0.35 2.31 035 —1.49 0.14]
T4 2.12 0.41 2.21 0.44 —-0.71 0.480
T6 2.20 0.34 2.18 0.35 0.13  0.892
02 2.34 0.23 2.21 0.39 1.44  0.190
T 2.17 0.35 2.16 0.42 0.02 0.979
T2 2.24 0.44 2.19 0.33 0.44  0.660
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from several studies support the notion that increased
DC reflects active positive symptoms in schizophrenia
patients. Koukkou et al.’” found that D2 under resting
conditions was higher in first-episode acute schizophrenia
patients than in healthy control subjects. Elbert et al.*®
also found that the DC of the resting EEG was higher in
inpatient schizophrenia patients than in control subjects at
a frontal electrode position. Saito et al.** reported incre-
ased anterior regional omega complexity in nine neuro-
leptic naive, first-episode acute schizophrenia patients.
All of the patients in these studies had relatively recent
onset and actively symptomatic schizophrenia. The find-
ings of our study, involving subjects with persistent AH,
were in line with the previous findings.*'**

Gamma oscillations (30—50 Hz) have been receiving
more attention in research on cognitive processing, es-
pecially since it is now considered likely that gamma
activity is involved in high-level cognitive processes.*
Gamma activity appears to be related to coherent object
representations, and its role may extend to internally driv-
en representations and the maintenance of information
in memory.*’ In addition, the results from previous studies
suggest the importance of the prefrontal cortex in AH
patients.'®*!42 This region is believed to be involved in
executive functions that distinguish endogenous sensations
from those arising from external influences.'”'**! Thus,
taking these two theories together, a chaotic integration
of gamma frequency information in the prefrontal cortex
in patients with AH could make them unable to discrim-
inate internally generated sensory inputs from those of
external origin. Another possibility is that increased D2
associated with right prefrontal activity is a secondary
phenomenon related to the processing of prosodic and
emotional responses,**** because AH in schizophrenia
patients is typically derogatory and hostile in tone.

The second main finding of our study was that the beta
frequency D2 in the left parietal brain region was lower
in the AH patients than in the N-AH patients. Experi-
mentally, beta frequency oscillations are generated fol-
lowing periods of synchronous gamma frequency activ-
ity.®4445 Comparable transitions from the gamma (30—
50 Hz) to the beta 1 (12—20 Hz) range are seen in the
human EEG in response to novel auditory stimuli.® Func-
tionally, the occurrence of subsequent beta oscillations
might reflect the modification of the neuronal circuitry
used to encode the sensory perception of auditory stimuli.>"

Ropohl et al.? reported an increase in the fast magne-
toencephalographic activity (12.5—30 Hz) in the left au-
ditory cortex in a schizophrenia patient who had persistent
AH despite receiving the appropriate medication. Lee et
al." also reported increased beta activity in the frontal
and parietal cortex in AH patients. Haenschel et al.° re-



corded the beta 1 (12—20 Hz) activity over the parietal
cortex in 10 normal healthy subjects exposed to pure
sinusoidal tones. These findings suggest that beta fre-
quency activity is important in sensory encoding, re-
gardless of its origin (i.e., internal or external).

Several studies have shown that DC decreases during
active cognitive processing. Anokhin et al.*® revealed
that DC was inversely correlated with EEG coherence
during cognitive tasks. Kirsch et al.** found that DC was
lower in normal controls than in schizophrenia patients
during cognitive tasks. These findings suggest that the
integration of information in the brain during cognitive
challenges becomes more coherent (less chaotic), possibly
due to the attention being focused on the task at hand.
Therefore, our findings of decreased beta frequency D2
in the parietal cortex might reflect active cognitive proc-
essing in this region during AH.

Even though our subjects had experienced treatment-
refractory AH lasting for at least 2 years, we cannot be
certain that hallucinations were occurring during the 30-s
EEG epochs that were examined. Therefore, future non-
linear analysis studies should investigate any differences
that may be present between the AH on and off states in
the same subjects. Another limitation of the present study
was the lack of healthy normal controls; comparisons with
normal control subjects would produce more informative
results, and this should be done in the future.

Our study implies the existence of a distinctive differ-
ence in DC between the right prefrontal and left parietal
regions as the underlying biological correlate of AH in
schizophrenia patients. We conclude that gamma frequency
D2 in the right prefrontal cortex is more chaotic and beta
frequency D2 in the left parietal cortex is more coherent
(less chaotic) in AH patients than in N-AH patients.

® Acknowledgment m——

This work was supported by a grant from the Korea Science and
Engineering Foundation (KOSEF) funded by the Korean government
(MOST) (No. M10644000005-06N4400-00510) .

REFERENCES

1. Lee SH, Wynn JK, Green MF, Kim H, Lee KJ, Nam M, et al. Quan-
titiative EEG and low resolution electromagnetic tomography (LOR-
ETA) imaging of patients with persistent auditory hallucinations. Schi-
zophr Res 2006;83:111-119.

2. Ropohl A, Sperling W, Elstner S, Tomandl B, Reulbach U, Kalten-

hauser M, et al. Cortical activity associated with auditory hallucinations.

Neuroreport 2004;15:523-526.

3. Kisley MA, Cornwell ZM. Gamma and beta neural activity evoked
during a sensory gating paradigm: effect of auditory, somatosensory
and cross-modal stimulation. Clin Neurophysiol 2006;117:2549-2563.

4. Faulkner HJ, Traub RD, Whittington MA. Anaesthetic/amnesic agents
disrupt beta frequency oscillations associated with potentiation of ex-
citatory synaptic potentials in the rat hippocampal slice. Br J Pharmacol
1999:;128:1813-1825.

w1

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

2L

22.

23.

24.

25.

SH Lee et al.

. Traub RD, Whittington MA, Colling SB, Buzsaki G, Jefferys JG. A-

nalysis of gamma rhythms in the rat hippocampus in vitro and in vivo.
J Physiol 1996;493:471-484.

. Haenschel C, Baldeweg T, Croft RJ, Whittington M, Gruzelier J.

Gamma and beta frequency oscillations in response to novel auditory
stimuli: a comparison of human electroencephalogram (EEG) data with
in vitro models. Proc Natl Acad Sci U S A 2000:;97:7645-7650.

. Hong LE, Summerfelt A, McMahon RP, Thaker GK, Buchanan RW.

Gamma/beta oscillation and sensory gating deficit in schizophrenia.
Neuroreport 2004;15:155-159.

. Traub RD, Whittington MA, Buhl EH, Jefferys JG, Faulkner HJ. On

the mechanism of the gamma->beta frequency shift in neuronal oscil-
lations induced in rat hippocampal slices by tetanic stimulation. J Neu-
rosci 1999;19:1088-1105.

. Lennox BR, Park SB, Medley I, Morris PG, Jones PB. The functional

anatomy of auditory hallucinations in schizophrenia. Psychiatry Res
2000;100:13-20.

Suzuki M, Yuasa S, Minabe Y, Murata M, Kurachi M. Left superior
temporal blood flow increases in schizophrenic and schizophreniform
patients with auditory hallucination: a longitudinal case study using 1231-
IMP SPECT. Eur Arch Psychiatry Clin Neurosci 1993;242:257-261.
Hubl D, Koenig T, Strik W, Federspiel A, Kreis R, Boesch C, et al.
Pathways that make voices: white matter changes in auditory halluci-
nations. Arch Gen Psychiatry 2004;61:658-668.

McGuire PK, Shah GM, Marray RM. Increased blood flow in Broca’s
area during auditory hallucination in schizophrenia. Lancet 1993;18:
703-706.

Volkow ND, Wolf AP, Van Gelder P, Brodie JD, Cancro R, Gomez-
Mont F, et al. Phenomenological correlates of metabolic activity in 18
patients with chronic schizophrenia. Am J Psychiatry 1987;144:151-158.
Silbersweig DA, Stern E, Frith C, Cahill C, Holmes A, Grootoonk S,
et al. A functional neuroanatomy of hallucinations in schizophrenia.
Nature 1995;378:176-179.

Cleghorn JM, Garnett ES, Nahmias C, Brown GM, Kaplan RD, Sze-
chtman H, et al. Regional brain metabolism during auditory halluci-
nations in chronic schizophrenia. Br J Psychiatry 1990;157:562-570.
Dierks T, Linden DE, Jandl M, Formisano E, Goebel R, Lanfermann
H, et al. Activation of Heschl’s gyrus during auditory hallucinations.
Neuron 1999;22:615-621.

Frith C. The role of the prefrontal cortex in self-consciousness: the
case of auditory hallucinations. Philos Trans R Soc Lond B Biol Sci
1996; 315:1505-1512.

Ridderinkhof KR, van den Wildenberg WP, Segalowitz SJ, Carter CS.
Neuro-cognitive mechanisms of cognitive control: the role prefrontal
cortex in action selection, response inhibition, performance monitoring,
and reward-based learning. Brain Cogn 2004;56:129-140.

Andersen RA. Encoding of intention and spatial location in the poste-
rior parietal cortex. Cereb Cortex 1995;5:457-469.

Tononi G, Edelman GM. Consciousness and the integration of infor-
mation in the brain. Adv Neurol 1998;77:245-280.

Elbert T, Lutzenberger W, Rockstroh B, Berg P, Cohen R. Physical
aspects of the EEG in schizophrenics. Biol Psychiatry 1992;37:595-606.
Kirsch P, Besthorn C, Klein S, Rindfleisch J, Olbrich R. The dimensional
complexity of the EEG during cognitive tasks reflects the impaired
information processing in schizophrenic patients. Int J Psychophysiol
2000;36:237-246.

Koukkou M, Lehmann D, Federspiel A, Merlo MC. EEG reactivity
and EEG activity in never-treated acute schizophrenics, measured with
spectral parameters and dimensional complexity. J Neural Transm Gen
Sect 1995;99:89-102.

Saito N, Kuginuki T, Yagyu T, Kinoshita T, Koenig T, Pascual-Marqui
RD, et al. Global, regional, and local measures of complexity of multi-
channel electroencephalography in acute, neuroleptic-naive, first-break
schizophrenics. Biol Psychiatry 1998;43:794-802.

Hoffmann RE, Buchsbaum MS, Jensen RV, Guich SM, Tsai K, Nue-

www.psychiatryinvestigation.org 119



EEG Dimensional Complexity of Auditory Hallucination

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

chterlein KH. Dimensional complexity of EEG waveforms in neuro-
leptic-free schizophrenic patients and normal control subjects. J Neu-
ropsychiatry Clin Neurosci 1996;8:436-441.

Jeong J, Kim DJ, Chae JH, Kim SY, Ko HJ, Paik IH. Nonlinear analy-
sis of the EEG of schizophrenics with optimal embedding dimension.
Med Eng Phys 1998;20:669-676.

Jin SH, Na SH, Kim SY, Ham BJ, Lee DH, Lee JH, et al. Hemi-
spheric laterality and dimensional complexity in schizophrenia under
sound and light stimulation. Int J Psychophysiol 2003:;49:1-15.
American Psychiatric Association. DSM-IV: diagnostic and statistical
manual of mental disorders, fourth edition. Washington, DC: American
Psychiatric Association; 1994.

First MB, Spitzer RL, Gibbon M, Williams JBW. The structured clinical
interview for DSM-IV axis I disorders-Patient edition. New York: Bio-
metrics Research; 1997.

Kay SR, Fiszbein A, Opler LA. The positive and negative syndrome
scale (PANSS) for schizophrenia. Schizophr Bull 1987;13:261-276.
Lee SH, Kim W, Chung YC, Jung KH, Bahk WM, Jun TY, et al. A
double blind study showing that two weeks of daily repetitive TMS
over the left or right temporoparietal cortex reduces symptoms in pa-
tients with schizophrenia who are having treatment-refractory auditory
hallucinations. Neurosci Lett 2005:376:177-181.

Fraser AM, Swinney HL. Independent coordinates for strange attractors
from mutual information. Physical Rev A 1986;32:1134-1140.

Kennel MB, Brown R, Abarbanel HD. Determining embedding dimen-

sion for phase-space reconstruction using a geometrical reconstruction.

Phys Rev A 1992:45:3403-3411.

Ding M, Grebogi C, Ott E, Sauer T, Yorke JA. Estimating correlation
dimension from a chaotic time series: when does plateau onset occur?
Physica D 1993;63:404-424.

Moon FC. Chaotic and fractal dynamics. New York: Wiley, 1992, p.
307-321.

Schepers HE, Van Beek J, Bassingthwaighte JB. Four methods to

120 Psychiatry Invest 2008;5:115-120

37.

38.

39.

40.

41.

43.

44,

45.

46.

estimate the fractal dimension from self-affine signals. IEEE Eng Med
Biol Mag 1992;11:57-64.

Koukkou M, Lehmann D, Wackermann J, Dvorak I, Henggeler B. Di-
mensional complexity of EEG brain mechanisms in untreated schizo-
phrenia. Biol Psychiatry 1993;33:397-407.

Pulvermiiller F, Birbaumer N, Lutzenberger W, Mohr B. High-frequency
brain activity: its possible role in attention, perception and language
processing. Prog Neurobiol 1997;52:427-445.

Tallon-Baudry BC, Bertrand O. Oscillatory gamma activity in humans
and its role in object representation. Trends Cogn Sci 1999;3:151-162.
Allen PP, Amaro E, Fu CH, Williams SC, Brammer M, Johns LC, et
al. Neural correlates of the misattribution of self-generated speech.
Hum Brain Mapp 2005:26:44-53.

Gaser C, Nenadic I, Volz HP, Biichel C, Sauer H. Neuroanatomy of
“hearing voices: a frontotemporal brain structural abnormality associated
with auditory hallucinations in schizophrenia. Cereb Cortex 2004;14:
91-96.

. George MS, Parekh PI, Rosinsky N, Ketter TA, Kimbrell TA, Heil-

man KM, et al. Post, Understanding emotional prosody activates right
hemisphere regions. Arch Neurol 1996;53:665-670.

Fletcher PC, McKenna PJ, Frith CD, Grasby PM, Friston KJ, Dolan
RJ. Brain activations in schizophrenia during a graded memory task
studied with functional neuroimaging. Arch Gen Psychiatry 1998;55:
1001-1008.

Whittington MA, Traub RD, Faulkner HJ, Stanford IM, Jefferys JG.
Recurrent excitatory postsynaptic potentials induced by synchronized
fast cortical oscillations. Proc Natl Acad Sci U S A 1997:94:12198-12203.
Kopell N, Ermentrout GB, Whittington MA, Traub RD. Gamma rhy-
thms and beta rhythms have different synchronization properties. Proc
Natl Acad Sci U S A2000;97:1867-1872.

Anokhin AP, Lutzenberger W, Birbaumer N. Spatiotemporal organi-
zation of brain dynamics and intelligence: an EEG study in adolescents.
Int J Psychophysiol 1999;33:259-273.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


