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Abstract 

Mismatch negativity (MMN) is an event-related potential measure of auditory change detection. It is widely 

reported to be smaller in patients with schizophrenia and may not improve along with otherwise successful 

clinical treatment. The main aim of this report is to explore ways of measuring and presenting four features 

of frequency-deviant MMN dipole sources (dipole moment, peak latency, brain location and orientation) 

and to relate these to the processes of psychopathology and illness progression. Data from early onset 

patients (EOS) at the start of the illness in adolescence, and others who had their first break in adolescence 

15 years ago (S-15Y) were compared with two groups of age-matched healthy controls (C-EOS, C-15Y). A 4-

source model fitted the MMN waveform recorded from all four groups, whether MMN amplitude was more 

(EOS) or less (S-15Y) reduced. The locations were in the left superior temporal and anterior cingulate gyri, 

right superior temporal and inferior/mid frontal cortices. Dipole latencies confirmed a bottom-up sequence 

of processing and dipole moments were larger in the temporal lobes and on the left. Patients showed small 

dipole location changes that were more marked in the S-15Y than the EOS group (more rostral for the left 

anterior cingulate, more caudal for the right mid-frontal dipole) consistent with illness progression. The 

modelling of MMN dipole sources on brain atlas and anatomical images suggests that there is a degree of 

dissociation during illness between small progressive anatomical changes and some functional recovery 

indexed by scalp recordings from patients with an onset in adolescence 15 years before compared to 

adolescents in their first episode.  
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1. Introduction 

The ability to detect a change of stimulation 

from the steady ongoing situation is crucial to 

being able to assign value to the change and 

organise a potentially appropriate response to it. 

Changes to a sequence of auditory stimuli can be 
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registered automatically in the brain and 

recorded as an event-related potential (ERP) 

known as the mismatch negativity (MMN: 

Näätänen et al., 1978). 

Dipole sources for MMN have been reported 

in the temporal cortices bilaterally, the right 

inferior frontal and the left anterior cingulate 

cortex (Jemel et al., 2002; Valkonen-Korhonen et 

al., 2003). The auditory cortical sources may 

represent the establishment of a sensory 

memory trace for the status quo (Paavilainen et 

al., 1991; Jacobsen and Schröger, 2001) while the 

inferior/mid-frontal source may be part of a 

region involved in generic change detection (Beck 

et al., 2001). The latter is seen as a pre-requisite 

to switching from the ongoing automatic mode of 

information processing and bringing top-down 

controlled attentional processing into effect 

(Schröger 1996; Escera et al., 1998). An 

alternative but not exclusive interpretation could 

invoke an orienting mechanism to explain the 

right frontal advantage in auditory cued attention 

in ERP work (Ofek and Pratt, 2004) and f-MRI 

studies of visual attention (Arrington et al., 2000). 

The activity of the preceding left cingulate source 

may reflect the registration of the contrast 

between similar and different stimuli necessary 

to elicit the right frontal “switch”. Such a role 

may be analogous to the reported role of the 

cingulate in conflict monitoring and error 

detection (Carter et al., 1998; Brazdil et al., 2002). 

Both frontal roles are fundamental to numerous 

cognitive functions reported to be impaired in 

schizophrenia. 

The MMN mechanism (or a part thereof) is 

widely acknowledged to be impaired specifically 

in patients with schizophrenia (Oades 1995; Javitt 

et al., 1995; Umbricht et al., 2003). Studies using 

magnetoencephalography (MEG) report reduced 

temp-oral lobe dipole strength, especially in the 

left hemisphere (Kircher et al., 2004; Kasai et al., 

2003; Pekkonen et al., 2002). But there is only 

one similar report based on ERPs (Youn et al., 

2003). MEG is insensitive to frontal sources, but 

indirect evidence from ERP recordings has 

indicated an impaired frontal contribution to 

MMN, spec-ific to schizophrenia (i.e., a reduced 

positive component recorded from mastoid sites, 

Todd et al., 2002; Sato et al., 2003). Some 

laboratories report that the MMN impairment is 

more marked for duration deviants (Michie et al., 

2000; Umbricht et al., 2003), others find a more 

marked effect with variations of stimulus 

frequency (Shinozaki et al., 2002; Oades et al., 

1996). This report focuses on the latter and the 

putative contribution from frontal sources.  

There is controversy over whether anatomical 

or functional impairments progress with the 

course of illness. Some authors find that 

impairments develop with illness duration 

(Salisbury et al., 1999; Umbricht et al., 2002). But 

others report deficits at onset in adults (Shinozaki 

et al., 2002) and in adolescents with recent onset 

of schizophrenia, that continue into the later 

phases of the illness (Oades et al., 1997). The 

current study investigated both young patients at 

onset and a second group about 15 years after 

illness-onset in adolescence to try to resolve 

some of these structural and functional issues. 

First we calculated the potential location of MMN 

dipole sources in two groups of patients with 

schizophrenia on brain atlas and high-resolution 

MR-images of the frontal/temporal lobes. 

Secondly we sought to confirm that predicted 

changes in frontal lobe sources also occur using 

frequency deviant stimuli. Thirdly we investigated 

whether such differences could be demonstrated 

in patients experiencing their first break or 

whether reductions of MMN improve or 

deteriorate in patients some 15 years after their 

first episode.  

2. Methods 

2.1 Subjects  

  At the time-point taken in the ongoing 

longitudinal study for this cross-sectional analysis 

there were 71 subjects: 25 young patients 

hospitalised with a first episode of schizophrenia 

(mean age 17.6 years, SD 2.3), 17 patients who 

had had their first admission for schizophrenia in 

the Essen Clinic about 15 years before, as 

adolescents (mean 14.4 years, SD 3.5 range 8.1-

19.7 years: mean age 32.3 years SD 3.6). There 

were 14 healthy adolescents (mean age 17.2 

years, SD 1.8), and 15 healthy adults in the 

comparison groups (mean age 30.0 years, SD 6.0). 

Age-matched controls were recruited by 

advertisement, and paid for their participation. 

They were matched to the patients of their age 

group on the socio-economic scale (parent 

profession) to within one point on a scale of 6 

and, like the patients, they were all right- or 

mixed handed (Table 1).  Based on the results of a 

semi-structured interview, none of the 
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adolescent controls (C-EOS) for the early-onset 

schizophrenia group (EOS) nor the adult controls 

(C-15Y) for the group diagnosed with 

Table 1         Characteristics of Subject Groups (mean + SD) 

1st-episode   Adolescent   Adult     Adult 
Inpatients   Controls    Outpatients    Controls    
EOS  SD   C-EOS SD   S-15Y  SD   C-15Y SD 

Subjects, Male/Female   19 / 6     8 / 6     11 / 6     6 / 9 
Age (years)       17.6  2.4   17.2    1.8  32.3   3.6  30.0   6.1 
Handedness1       93.5  9.0   70.8  42.3  75.0  50.1  79.2  26.7 
SES (parent occupation2)     3.6  1.4    2.8   0.6    4.2   1.4    3.3    1.4 
Short-IQ3       95   20.7  113   7.3  91   17.3  115  17.5 

Diagnosis (at test: DSMIV) --   
 Paranoid       19              8 
 Disorganised       4              1      
 Undifferentiated       1              1 
 Residual         0              5      
 Schizoaffective      0              2 
Antipsychotic Medication3   609  335   -   -  366  127       
 Without medication (N)    11   -   -   -     3   -   -  -  

N1 standard latency (ms)    98      6   101  10    96    7    97   11 
N1 deviant latency (ms)   113   18   108  11   112  20   103  11   
MMN trials accepted     64      8     62   10    64     13    64   10  
MMN latency (ms)     137   27      140   22   135  31     135  34 

MMN amplitude (µV) -- 
FCz (windows 1/2/3)    -1.35/-1.07*/-0.49 -1.42/-1.51/-0.43  -1.68/-1.12 /-0.44  -1.58/-0.97/-0.87 
M1 (windows 1/2/3)     1.39/ 1.19+/ 0.55   1.77/ 1.76/ 1.25   1.19/ 0.19*/ -0.25#   1.55/ 1.44/ 1.03 
M2 (windows 1/2/3)  1.65/ 1.06#/ 0.35*  2.16/ 2.18/ 1.34   1.42/ 0.50 / -0.06*   1.62/ 0.94/ 0.65 

 
1Edinburgh handedness inventory (–100 [left-handed] to +100 [right-handed] Oldfield, 1971). 2The socio-
economic scale (SES, ratings 1-6, Erikson and Goldthorpe 1992). Group differences were not significant. 
3Short-IQ based on 4 tests (information, arithmetic, digit-symbol and block-design): patient scores were 
lower than the matched controls (t –2.7 to -3.7, p < 0.02). 3 CPZ mg/day: Chlorpromazine equivalents for 
those on medication (see text). There were no significant group differences for the ERP latencies at FCz: for 
N1 amplitudes see text. MMN amplitudes are shown for 3 frontal and mastoid electrode sites in three 30 ms 
time windows (1, 105-135; 2, 135-165; 3 165-195 ms: SD range 0.24-0.46). + p=0.09, * p=0.02-0.04, # 

p=0.006-0.01

schizophrenia 15y ago (S-15Y) had been ill or had 

a history of neurological or psychiatric illness or 

used drugs affecting the central nervous system. 

They were screened using the SCID-II and 

excluded if there were lifetime or current DSM-IV 

Axis II diagnoses, including schizotypy.  

EOS patients were admitted consecutive-ly for 

functional psychosis. The initial diagnosis was 

made by the senior ward physician. They were re-

examined for entry to the study and the diagnosis 

confirmed after at least six months to exclude 

affective, schizoaffective and schizophreniform 

psychoses. Patients were admitted to the S-15Y 

group on the basis of their initial diagnosis of 

schizophrenia 15 years before: (a current 

diagnosis of schizoaffective disorder was 

accepted in 2 cases). Patients were screened to 

exclude other major psychiatric or somatic illness, 

alcohol abuse in the last 5 years and current 

substance abuse other than nicotine. 

Schizophrenia subtypes were defined by DSM-IV 

criteria, whereby the undifferentiated type was 

regarded as a residual category that contrasts 

with the paranoid, disorganized and catatonic 

subtypes (see Table 1).  

S-15Y patients were recruited from 34 in 

outpatient care (see Eggers et al. (1999). Eleven 

(65%) had a partial remission (CGI 3-5) and 6 (35%) 
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a chronic course or no remission (CGI 6-8). The 

main symptoms were emotional and social 

withdrawal, reduced affect and increased anxiety 

and tension: the dominant positive symptom was 

‘excitement’. Seven (41%) had severe 

impairments in several areas of social function 

(GAS < 51) and 11 (59%) had moderate 

impairments in at least one (GAS 51-70). Since 

onset they had had a mean of 4.6 hospitalizations 

(range 1-12). They did not differ from the whole 

group on age, gender, severity of illness or social 

function. Reasons for non-participation included 

severe psychopathology, but 4 were considered 

as fully remitted. 

Following agreement of the University-Clinics’ 

ethics committee to the protocol (following the 

Declaration of Helsinki), the study was 

undertaken with the understanding of the 

subjects and their care-givers who both provided 

written consent to participate. 

2.2 Medication 

EOS patients were tested in the first 2 weeks 

of their stay, contingent on the responsible 

physician’s opinion that they were capable of 

performing the tests, and medication had been 

stable for at least 3 days. Antipsychotic drugs 

were administered according to the clinical 

requirements. Doses were converted to 

chlorpromazine equivalents (CPZ) according to 

Benkert and Hippius (1986) Rey et al. (1989), Kane 

(1996) and information from the suppliers of 

olanzapine and quetiapine. Eleven EOS patients 

were without medication at testing, two were 

given typical antipsychotic drugs (haloperidol, 

fluphenazine), 12 received atypical medication 

(clozapine, olanzapine, risperidone, amisulpiride 

or quetiapine: CPZ 100-1300). In the S-15Y group 

3 patients were without medication, two 

received typical and 12 received atypical anti-

psychotic drugs (CPZ 200-720: Table 1).  

2.3 Stimulus Presentation, EEG Recording and MR-

Imaging 

All subjects had normal hearing (BCA 

audiometer (low-frequency thresholds < 30dB, 

inter-aural differences <10dB) and had normal or 

corrected-to-normal vision. A binaural 3-tone 

auditory oddball presentation consisted of 

sinusoidal tones (76 dBspl). The standards had a 

frequency of 800 Hz (p = 80%, duration 80 ms, 10 

ms rise/fall times), deviants had either a 

frequency of 600 Hz (p = 10%) or a duration of 40 

ms (p=10%). The stimulus onset asynchrony 

(SOA) varied from 850-1050 ms (mean 950 ms). 

Salient deviants were chosen to produce large 

amplitudes with more reliable test-retest 

sensitivity and signal-to-noise ratios for 

localisation. A relatively long SOA was used to 

facilitate response in the subsequent auditory 

discrimination, (data not presented.) The order of 

stimulus presentation was pseudo-random with 

each deviant preceded by at least one standard. 

The MMN was calculated from the frequency-

deviant ERP minus standard ERP waveforms. 

  

Four auditory trial blocks (400 tones/ block) 

were run during a simple visual red or green 

circle discrimination (50:50). The circles 

subtended an angle of 3.8° at 1.5 m and 

alternated randomly every 1100 ms on a PC 

screen. Subjects responded alternately between 

blocks with the left and right hand to the green 

circle. Auditory stimulus detection is not 

suppressed during various concurrent visual 

processes (Harris and Lieberman, 1996), but the 

visual and auditory stimulus onsets were 

controlled so that they did not coincide.  

The EEG was recorded (Neuroscan) from 32 

electrodes in an extended
 

10-20 system 

(Electrocap). These were the Fpz, Fz, Cz, Pz, Oz, 

F3, F7, F4, F8, C3, C4, P3, P4, T3, T4, T5, T6, both 

mastoids, FCz, CPz (longitudinal axis), FT7-FT8 

(fronto-temporal), FC3-FC4 (fronto-central), CP3-

CP4 (centro-parietal) and TP7-TP8 (temporo-

central regions). A vertical and horizontal EOG 

was recorded from the supra-orbital ridge and 

the outer canthus of the right eye to monitor 

blink- and eye-movements for artefact rejection 

(>50 µV) in EOG leads. All sites were referenced 

to the linked ears. The average-reference was 

recomputed off-line. The EEG signal (impedance < 

5kOhm) was amplified (SynAmps: band-pass of 

0.1–100 Hz), digitized with 16-bit resolution, 

sampled at 500 Hz and stored on a hard disk. 

Epochs (with 100 ms prestimulus baseline) for 

each tone
 

type were linear detrended, and 

digitally filtered offline (30 Hz low-pass, 24-

dB/octave). ERP data (>50 deviant trials, >600 

standard trials) provided a mean of 62-64 MMN 

sweeps per subject in each group. 

Head shapes were digitized by an ultrasound 

method (Zebris, Munich) to locate skull 

landmarks (nasion, left/right periauricular 

points), to determine their positions relative to 
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the electrodes and improve BESA accuracy. One 

of the anatomical MR-scans from this study was 

used for illustrating the results. High resolution 

T1-weighted 3D anatomical images were 

recorded with a Siemens 1.5-T sonata with an MP 

RAGE sequence using a 384 x 384 x 192 matrix 

giving a 0.5 x 0.5 x 1.0 mm resolution (repetition 

time/echo time/flip angle = 30 ms/10 ms/30° 

with a 256 mm field of view). 

2.4  Data analysis 

Two ERP components were defined by 

negative-going peaks in the waveform at Fz, FCz 

and Cz between 90 and 225 ms. The N1 was 

maximal between 90-120 ms, and the MMN 

between 100-200 ms in the difference waveform. 

Separate analyses were run for the N1 and MMN 

peak amplitudes and latencies. Analyses com-

pared 4 subject groups (EOS, C-EOS, S-15Y, C-15Y) 

for 29 sites, then for 9 electrodes in the regions 

of interest at opposite ends of the dipole 

topography (2 mastoid and 7 fronto-midline 

recording sites (F3, Fz, F4, FC3, FCz, FC4, Cz: 

repeat-ed measures) with a repeated measures 

analysis of variance (ANOVA). The Greenhouse-

Geisser epsilon (ε) was used as a conservative 

correction for the degrees of freedom. The locus 

of effect was determined with one-tailed t-tests 

for predicted amplitude reductions at frontal and 

mastoid electrodes.  

Detailed analyses with average-referenced 

data counter the bias towards distant sources of 

neural activity arising from use of a specific 

reference: (e.g. use of temporal or mastoid sites 

in linked-ear referenced data leads to a relative 

reduction of the potential arising from temporal 

lobe sites). Mean amplitudes were computed for 

5 consecutive time windows (90-105, 105-135, 

135-165, 165-195, 105-225 ms). Inspection of the 

data showed that analyses should concentrate on 

the 135-165 and 165-195 ms windows covering 

the MMN peaks. Here, a first set of ANOVAs were 

run for the 4 subject groups and the 9 electrodes 

in the regions of interest. A second set of 

ANOVAs was run using a within-factor of 5 

sagittal chains and a within-factor of the 4 

electrode sites in these chains (i.e., left; F7, FT7, 

T3 Ml: left-central; F3, FC3, C3, CP3: central Fz, 

FCz, Cz, CPz: right-central; F4, FC4, C4, CP4: right; 

F8, FT8, T4, MR). The aim was to use of a factor 

with potentially linearly related levels 

appropriate for the ANOVA and to examine the 

potential lateral differences for MMN between 

groups. Thus post-hoc ANOVAs were restricted to 

comparisons of the two relevant groups and 3 

sagittal chains of electrodes (far left vs. central, 

far left vs. far right and central vs. far right). A 

third set of ANOVAs was run on 4 coronal chains 

and a within factor of 5 electrode sites as in the 

previous analysis to demonstrate topographic 

differences between frontal and caudal 

recordings. 

Dipole locations were compared between 

subjects in any two groups (C-EOS vs. EOS, C-15Y 

vs. S-15Y, EOS vs. S-15Y, C-EOS vs. C-15Y) with 

multivariate ANOVAs including the three-level 

factor location for x, y, and z-coordinates. Similar 

calculations were made for dipole orientation 

except that the 2-level factor angle (phi and 

theta) was included. Group differences of dipole 

peak strength, and latencies were determined by 

univariate ANOVAs. Here, a 4-level between-

subject factor group (EOS, C-EOS, S-15Y, C-15Y) 

was included as well as a 4-level within-subject 

factor dipole (left and right, frontal and temporal 

lobe locations). Lastly, correlations between 

medication and ERPs were sought with the 

Spearman test. 

Brain electrical source analysis (BESA, Scherg 

and Berg 1991) for modelling equivalent dipoles 

was based on the average-referenced ERP 

topography where the individual data had been 

low-pass filtered to avoid aliasing (15 Hz, 24 

dB/octave). Dipole computation was based on 

data from 20 ms before to 40 ms after the peak. 

BESA allows iterative spatio-temporal fitting of 

the dipole location and orientation in a spherical 

head-model with an inner radius of 85 mm 

corrected for brain, skull, and scalp conductivity 

(Scherg and Picton 1991), until the difference 

between the recorded surface data and the 

calculated surface data of the dipole-model is 

minimised (least square fit). The goodness of fit is 

expressed by the mean residual variance (RV) and 

the best fit is the lowest RV not explained by the 

model, as a percentage of the signal variance 

within the given time window. 

The dipole model, were led by the hypothesis 

of Jemel et al. (2002), required bilateral frontal 

and temporal lobe dipoles to explain >95% of the 

topographic variance. This 4-dipole solution has 

proved robust and replicable (Oknina et al., 

2004). The model was first fitted to the ERP grand 

mean, that describes the spatio-temporal data 
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matrix, and then applied to the individual 

subjects’ data. During the iterative best-fitting 

estimations the temporal followed by the frontal 

lobe dipoles were initially constrained to the 

hypothesis, and then allowed to move without 

constraint. The final unconstrained group 

solution had an RV < 2%, and matched that of 

Jemel et al (2002).  

Stereotaxic Talairach coordinates for these 

sources were calculated (Garnero et al. in 

Crottaz-Herbette and Ragot, 2000), and 2 

methods used to represent the locations on brain 

images. First, the group solution was mapped on 

to the axial, coronal and sagittal brain MR-images 

of a healthy subject from the C-15Y group. Then, 

individual source solutions were calculated. To 

account for the decreased signal-to-noise ratio of 

a single subject’s waveform, individual solutions 

were re-calculated to a criterion of RV < 4%. The 

distances of the individual best solutions from the 

mean of the individual solutions was mapped on 

to the brain image of an adult control normalised 

with reference to the SPM99 brain template with 

the radius of the circle representing the standard 

deviation from the mean locations of the 

individual solutions.  

  

3. Results 

3.1 ERP Analysis 

In Fig. 1 the deviant and standard N1 

components and the MMN at FCz (average-

reference) are compared for each group. There 

were group differences for the N1 peak 

amplitude for both types of stimulus [F (24,5 36) 

= 3.3-5.7, p <0.001, ε=0.21-0.18]. In EOS patients, 

N1 amplitudes after both tones [F (8, 296) = 7.2-

13.1, p < 0.003-0.001, ε = 0.23-0.20] were smaller 

than in controls at all fronto-central electrodes 

(t37>2.3, p<0.025: standards -3.7 vs.–6.2 µV). N1 

attenuation in the S-15Y vs. the C-15Y group was 

restricted to the standard tones [F (8, 240) = 4.67, 

p < 0.03, ε = 0.16] at Fc3 and Cz [t =(30) > 2.58, p 

< 0.05: -4.0 vs. –5.6 µV]. 

  

ANOVA for the mean MMN amplitudes of the 

average-referenced data (135-165 ms) for the 9 

electrode sites of interest revealed significant 

group by electrode interactions [F (24, 536) = 2.2, 

p = 0.048, ε = 0.25]. In the following window 

group differences were significant after covarying 

for IQ [F (24, 536)=1.5, p= 0.19: F (24, 424) = 2.1, 

p = 0.04, ε = 0.33). Each patient group was then 

compared with their age-matched controls. In the 

younger age-class an indication for a group by 

electrode interaction [F (8, 296) = 2.55,  p= 0.08, ε 

= 0.27: 135-165 ms] was explained by a small 

frontal MMN amplitude decrease [t(37)=2.0,  p < 

0.027: FC4] and a marked 50% reduction in the 

mastoid recording from EOS patients [t(37)=–2.7, 

p<0.006] that continued over the next 30 ms time 

window [t(37) -2.2, p < 0.018: M2]. A modest 

interaction for the 2 older groups, especially in 

the 165-195 ms window [ F (8, 240)=3.0,  p= 0.06, 

ε = 0.23] was more marked after covarying for IQ 

[F(8,208)= 5.2, p=0.01, ε=0.23]. Unlike the 

younger patients, the interaction for S-15Y 

patients was accounted for by an amplitude 

reduction at the left mastoid [135-165 ms, t(30) = 

-1.9, p = 0.031) not at frontal sites. This effect 

was marked at both mastoids in the 165-195 ms 

window [t(30) =-2.5,  p = 0.01: M1]. A comparison 

of the younger with the older patients showed no 

improvement or progression of the impairment 

(135-195 ms, F = 1.5-0.9). But, a trend for a 

further decrease of amplitude at the left mastoid 

by 1 µV with age was observed [135-165 ms, 

unprotected t(40) = 2.1,  p = 0.022: Table 1]. 

A topographic change was supported by the 

ANOVA comparing coronal lines of electrodes in 

both time windows (F(36,804) =1.78-1.94, p= 

0.037-0.06, ε=0.28-0.30). Significant change was 

restricted to the younger subjects, and showed 

that the normal fronto-caudal difference was 

reduced in the patients (e.g. electrode line 2 vs. 

4, F(4,148)=3.8, p=0.04, ε= 0.58). Analysis of the 

sagittal lines of electrodes for laterality effects 

showed an overall trend [F (36, 804) = 1.8, p = 

0.065, ε = 0.28: 135-165 ms]. Modest changes in 

the EOS vs. C-EOS group [F (12, 444) = 2.3, 

p=0.066, ε=0.30] were explained by the central 

vs. right [F(3,111)=4.8, p=0.015, ε=0.56) and left 

vs. right comparisons [F(3,111)=2.7, p=0.08, 

ε=0.56]. The reduction was pronounced at the 

right mastoid (t(37) = -2.68, p = 0.005). 

Comparisons over 165-195 ms continued to 

indicate a difference [F (12, 444) = 2.6, p = 0.05, ε 

= 0.27) with a right lateralized MMN reduction 

[central vs. right: F (3, 111) = 6.4, p = 0.005, ε = 

0.54] being marked at the mastoid [t (37) = -2.19, 

p = 0.018].  



 
Figure 1 

The MMN (below) and the deviant/standard N1 waveforms (above) are shown (average-reference) for 4 
subject groups. Mean peak MMN latencies at FCz did not differ between patients and their respective 
controls. MMN amplitudes (see table 1) were significantly smaller in the patients than the controls, 
especially at the mastoids at and after attaining peak amplitude (in the windows covering 135-195 ms). See 
text and table 1 for details about the N1. 

 

In summary, these analyses lead to two 

predictions on source activity. First patients may 

show but modest differences at frontal sites 

(temporal lobe generators?). Second differences 

appear more marked at mastoid sites, on the 

right in the younger and less clearly on the left in 

the older patients. The differences could reflect 

the activity of frontal generators. 

3.2 Dipole Source Analysis 

 Dipole source locations for 60 ms of activity 

around the MMN peak were determined for each 

group (Fig. 2). The waveforms of all groups were 

well explained by the 4-dipole model (Jemel et al 

2002). Minor changes to the dipoles’ location and 

orientation led to residual variances (RV) below 

1.5 %, and best fits  



Table 2 
Localisation, Strength and Latency of Modelled Dipole Sources in Younger and Older Patients with Schizophrenia and their Age-matched 

Healthy Controls: On the Left for the Group Solution, on the Right for the Mean of the Individual Solutions 
 
 

Subject Time  Residual  x  y  z  Hemi-  BA Brain  Strength Latency    N  x   y   z  Strength   Latency 
Group  Window Variance        sphere   Region       
  (N)    (ms)     (best fit %)               nA   ms      (SD)       nA  (SD)  ms   (SD) 
 

C-15Y  90-150  0.90  -56 2 -23 +10 Left  41  STG  18.2  120    12  -53 (5)  -29 (5)  11 (5) 25.8  (18.6)  126  (49) 
 (15)     (0.43)  +59 -15 + 1 Right  22   STG  15.6  128      56 (6)  -17 (4)    5 (4) 25.1  (24.4)  124  (50) 
          - 8  -14 3 + 42 Left  24  ACG  10.5  112     -  8 (4)  -18 (3)   37 (4) 20.4  (16.7)  120  (50) 
          +36  +45 +19 4 Right  10  MFG    9.8  134      34 (5)   40 (3)   17 (4) 18.3  (21.4)  134  (52) 
 

S-15Y  96-156  1.05  -46 2 -28 + 9 Left  41  STG  16.6  124    14  -45 (5)  -28 (8)    8 (6) 20.3  ( 7.2)  123  (16) 
(17)     (0.75)  +52 -15 - 2 7 Right  22  STG  19.3  116      53 (6)  -19 (4)    1 (7) 17.2  ( 6.2)  133  (23) 

           - 7 + 2 3,6 +39 Left  24  ACG  10.0  124     - 8 (5)  -  4 (5)  36 (5) 16.0  ( 8.3)  125  (23)  
          +38 +43 5 + 8 4 Right  10  MFG  12.0  154      39 (5)   38 (4)    8 (6) 12.7  ( 6.3)  139  (27) 
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
C-EOS 110-170  1.24  -44  -36 + 9 Left  41  STG  28.9  126    11 -47 (5)  -32 (6)    9 (6) 32.1  (10.2)  136  (26) 

(14)     (0.62)  +55 -11 - 0 1 Right  22  STG  23.0  116     58 (4)  -14 (6)    5 (5) 19.5  ( 8.0)  141  (18) 
           - 3 -10 +31 Left  24  ACG  14.6  128    - 7 (5)   -13 (6)  33 (7) 31.7  (15.9)  137  (31) 
          +42  +46 +11  Right  10  MFG    8.1  158     42 (6)   40 (4)    9 (5) 18.8  ( 7.5)  144  (30) 
 

EOS   96-156  1.45  -44 -29 + 6 Left  41  STG  20.9  122    18 -45 (7)  -28 (8)    6 (6) 27.0  ( 9.7)  139  (32) 
(25)     (0.66)  +54 -14 +12 1,7Right  41  S/TTG 12.4  144     53 (7)  -17 (6)   10 (6) 22.9  (11.1)  142  (36) 

          -10  - 6 6 +42 Left  24  ACG    8.8  140    - 9 (5)   - 8 (7)   41 (7) 23.1  (12.1)  135  (37) 
          +41 +46 5 +10 Right  10  MFG    8.4  130     39 (5)   43 (5)    8 (6) 14.3  ( 7.3)  151  (33) 
 
ACG, anterior cingulate gyrus; BA, Brodmann area; MFG, Mid-frontal gyrus; STG, superior temporal gyrus; TTG, transverse temporal gyrus 

In the young patients (vs. young controls) the right temporal source tended to be more dorsal1: In the older patients (vs. older controls) the left temporal source 

was more medial2, the left cingulate source was rostral3, and the right frontal source more ventral4: Compared to young patients, dipole sources in the older 

patients tended to be more caudal in the right frontal lobe5, but continue to be more rostral in the left cingulate6, while in the right temporal lobe the source tended 

to return to the more ventral locus7 seen in controls. For further details see the text.
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Figure 2 
Spatio-temporal multiple dipole analysis of the MMN component for the grand-mean ERP of each of 
the S-15Y and C-15Y groups on the left, and the EOS and C-EOS group on the right. For each group 
there is the temporal development of each of the 4 dipole moments and the residual variance (ca. 1%) 
for the model on the left: vertical bars show the 60 ms analysis period. The stereotaxic coordinates for 
their locations are shown in sections from the brain atlas in the centre and right (Talairach and 
Tournoux, 1988). They show two mildly asymmetrical bilateral temporal lobe dipoles (BA 41, 42) and 
two strongly asymmetrical bilateral frontal lobe dipoles (BA 24, 10) 
 

below 0.8 % for all groups. Table 2 (left) 

summarises the coordinates for all 4 group 

solutions, the RV of activity not explained by 

the model, the best fits in each group, the 

dipole moments, and their latencies. The two 

posterior dipoles lay bilaterally in the superior 

temporal gyri (BA 41/BA 22) with that in the 

left hemisphere more dorsal and posterior 

than the one in the right hemisphere. The 

frontal dipoles were located posterior in the 

left anterior cingulate gyrus (BA 24) and in the 

right inferior/mid-frontal gyrus (BA 10). Their 

locations and orientations are illustrated in 

Figure 3. The group solutions can be seen to 

differ slightly from each other.  

 

3.3 Group Comparisons of Dipole Location 

To calculate statistical differences, the 

respective group solution was fitted to the 

individual’s MMN. For most subjects (Table 2) 

only minor changes in orientation and location 

were needed to reach RV < 4 %. The results 

(the locus diameter represents 2 SD) are 

mapped on to a control brain (Fig. 4). The 

changes along a given dimension in 

millimetres reflect the range of values from 

the BESA group mean [RV <2%] and the mean 

of the individual solutions [RV < 4%: table 2]. 

Compared to the young controls, the EOS 

patients’ right temporal lobe source [Wilks Λ = 

0.55, F (3, 25) = 6.7, p = 0.032] was about 6-12 

mm more dorsal [F (1, 27) = 6.1, p < 0.02]. 

However, between adult patients and their 

controls differences were marked for both 

frontal dipoles [Λs = 0.22-0.39, Fs (3, 22) = 

11.5-26.6, p < 0.002]. For adult patients the 

left cingulate source was more anterior [16 

mm; F (1, 24) = 68.5, p < 0.002] and the right 

frontal source was more ventral [c. 8-11 mm; 

F (1, 24) = 16.9, p < 0.002]. In addition left 

temporal lobe sources tended to be 8-10 mm 

more medial nearer to the locus noted in 

young subjects, above [F (1, 24) = 14.9, p < 

0.02].  

EOS and S-15Y patients were compared for 

potential signs of illness progression with 

duration. In S-15Y patients the right frontal 

locus was ca. 5 mm more caudal [Λ=0.72, F (3, 

28) = 3.7, p < 0.05: F (1, 30) = 11.0, p = 0.032]. 

The left cingulate source, already more rostral  
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Figure 3 
Source locations for the two frontal dipoles based on BESA group mean solutions for healthy adult 
controls (C-15Y) and the older patient group (S-15Y) have been mapped on to an image of the brain of 
a healthy subject in the C-15Y group. The more anterior location of the left cingulate and the less 
dorsal location of the right inferior/mid-frontal sources in the patient group are clearly illustrated. 
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in the EOS than in the controls, was yet a 

further 3-7 mm more rostral [Λ = 0.62, F (3, 

28) = 5.7, p < 0.05]. In the right temporal lobe 

the source tended to return 9-14 mm from a 

more dorsal (in the EOS) to a more usual and 

more ventral locus seen in other groups [Λ = 

0.63, F (3, 28) = 5.5, p = 0.064: F (1, 30) = 14.4, 

p < 0.02].  

There were no differences between groups 

for the peak latencies of the dipole moments 

(F<1). This lack may be attributed to the 

variability of the individual differences (Table 

2). However, it is important to note that 

independent of subject group the right mid-

frontal source peaked significantly later (143 

ms) than that in the left cingulate (130 ms) or 

in the left temp-oral lobe (131 ms) illustrating 

a bottom-up sequence of activation [F (3, 153) 

= 5.7, p < 0.01; t (54) > -3.6, p < 0.05]. 

3.4 Dipole Strength and Orientation 

Across groups the peak dipole strengths 

differed significantly from each other [F (3, 

153) = 16.9, p < 0.01]. The lowest activity in 

the right frontal source [15.6 nA; t (54) > 4.7, 

p<0.05] contrasted with sources in the 

temporal lobes (left: 26.1 nA, right: 21.2 nA) 

and the left cingulate gyrus (22.4 nA). Further, 

the peak dipole strength was higher in the left 

than the right temporal lobe [t(54) = 3.1, p = 

0.05]. Differences between groups were small 

[F (9, 153) = 2.3, p = 0.028], but dipole 

strength in the left temporal lobe of the S-15Y 

group (20.3 nA) was weaker than in the young 

first-episode patients [27.0 nA; t(30) = 2.2, p = 

0.039], consistent with some progression of 

the disorder. Lateralization ratios (left-minus-

right/left-plus-right) confirmed that while 

there was a leftward asymmetry for temporal 

lobe dipole moment in healthy subjects, this 

asymmetry was absent in the young patients 

[EOS: 0.096 SD 0.25 vs. C-EOS: 0.248 SD 0.19: 

t(27)=1.75, p< 0.046, 1-tail]. Asymmetries and 

differences were not significant for the older 

subjects or for the frontal dipole moments. 

Analyses of the dipoles’ orientations 

yielded no significant patient-control 

differences. This likely reflected the large 

variation between individual values that 

themselves were calculated on the basis of 

poor signal-to-noise ratio ratios in the few 

trials available (Table 2). But a trend was 

noted for the cingulate dipole [Λ=0.67, F (2, 

23) = 5.7, p = 0.01] to be left-ventrally 

oriented in the EOS group and right-ventrally 

oriented in the S-15Y patients [F(1,24)=1.0, 

p=0.003]. 

3.5 Medication: 

N1 amplitudes after the standard and 

deviant tones did not differ between the 13 

EOS patients on medication and the 11 tested 

without (F<1.5). MMN amplitudes were 

similar for those on (Fz: -4.8 µV SD 1.7) and 

those off medication (Fz: -4.2 µV SD 2.9: 

F<1.0). Shorter latencies for medicated vs. 

unmedicated patients did not differ 

significantly (124 ms SD 20 vs. 156 ms SD 37). 

There were no amplitude differences in the 

window around the MMN peak (135-165 ms: 

F<1.0). But in the following window (165-195 

ms) the morphology of the waveform showed 

a slower fall-off from the negative peak 

toward baseline in the non-medicated 

patients. This resulted in their MMN being 

larger over this later period (-0.9 vs. 0.0 µV: 

F(8,176)=4.8, p=0.016, ε=0.23). 

4. Discussion   

The main purpose of this study was to 

explore ways to measure, calculate and 

present four features of the frequency-deviant 

MMN dipole sources (dipole moment, peak 

latency, brain location and orientation) active 

in auditory change detection and to relate 

these to the processes of psychopathology 

and illness progression. 

There was a modest reduction of MMN 

amplitude in adolescent patients with early 

onset schizophrenia. This was qualitatively like 

previous reports (e.g. Catts et al., 1995; Javitt 

et al., 1995). The reduction was less than we 

reported previously (Oades et al., 1995; 1996), 

but similar to or more than in other recent 

reports (Bramon et al., 2004; Michie et al., 

2000). The decrease was slightly more marked 

in the acutely ill EOS than the S-15Y patients 

first diagnosed 15 years before. It was most 

evident at the mastoid sites where a two 

thirds reduction from the peak latency for the 

following 60 ms was recorded. Frontal N1 

amplitudes elicited by the tones were also 

reduced in both patient  groups.
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Figure 4 

Estimates of the group centre of activation and the spread of the individual’s best fit are 
shown for all 4 groups. Dipole-sources are represented by the means of the solutions in each 
of the 3 dimensions for those subjects for whom the mean group solution was adapted to 
account for at least 96% of the variance in the individual’s data. The radius of each location in 
any dimension represents the SD of the mean of the individual solutions: the data are shown 
in table 2 on the right. 

 

This difference occurred 60+ ms before the 

reduction of MMN in patients. Both features 

militate against a major role for N1 alterations 

in the reduction of MMN. A decreased N1 

amplitude is consistent with some patient 

samples (Alain et al., 2002; Ford et al., 1994), 

but not others (Shinozaki et al., 2002). 

Medication in 13/24 EOS patients produced a 

sharper MMN peak that contrasted with a 

longer lasting MMN morphology in the non-

medicated patients.  

The dipole source locations broadly 

replicated our previous report (Jemel et al., 

2002) and are generally consistent with the 

bilateral temporal and frontal sources recently 

described using the minimum norm method 

(Valkonen-Korhonen et al., 2003). But here 

the sources already tended to be more dorsal 

in the right temporal lobe of adolescent EOS-

patients compared to age-matched controls. 

The left frontal source, posterior in the 

anterior cingulate, tended to be more rostral 

in the young patients and significantly so in 

the adult S-15Y group. Further signs of 

structural change, perhaps reflecting illness 

progression, were also evident in the right 

mid-frontal source location that lay more 

caudal in the adult patients compared to the 

younger patients and controls.  

4.1 Schizophrenia:   

Impairments of MMN have been reported 

in adolescent (Oades et al., 1997) and adult 

patients with schizophrenia of recent onset 

(Shinozaki et al., 2002). But others report that 

the impairment may take some time to 

develop (Grzella et al., 2001; Umbricht et al., 
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2002; Salisbury et al., 2002). For the first time 

we report here putative changes in the bases 

generating MMN that may be responsible for 

the widespread reports of reduced MMN in 

schizophrenia (see introduction).  

In all cases 2 sources lay in the superior 

temporal gyrus, probably summing the activity 

in primary and secondary auditory cortices 

(Kircher et al., 2004). The locus on the right 

was antero-lateral to that on the left, as 

reported for the MEG equivalent of MMN 

(Kasai et al., 2003). [But note that relative to 

the primary auditory cortex the source lay 

more posterior in secondary association 

areas.] In general sources were stronger on 

the left, but this asymmetry was not found in 

the patients. For comparison, Kircher et al. 

(2004) reported a rightward asymmetry for 

duration-deviant MMN in controls that was 

also absent in their chronically ill patients. 

Here, in younger patients the right temporal 

source was more dorsal than in controls. In 

contrast, in older patients the anomaly lay on 

the left, where the temporal lobe source was 

located more medially. There is good evidence 

that the function of temporal lobe generators 

relates to the maintenance of a working 

memory-like trace of the usual auditory 

stimulation (Berti and Schröger, 2003): event-

related imaging has shown that such 

information can access directly the inferior 

frontal cortex (D’Esposito et al., 2000). Indeed, 

a cingulate contribution to the maintenance of 

auditory memory has also been described 

(Shibata and Yukie, 2003). Further, anatomical 

tracing studies have shown that both auditory 

association areas and the cingulate region 

send input to the inferior frontal gyrus 

(Petrides and Pandya, 2001). 

The left anterior cingulate source in both 

patient groups lay anterior to their respective 

controls. The right mid-frontal source was 

more ventral in the older patients than in their 

respective controls. It is interesting that an 

fMRI investigation of musicians’ response to 

inconsonant chords showed activity specific to 

similar regions (Tillman et al., 2003), including 

the inferior/ mid-frontal gyri, the insula, and 

the bilateral cingulate cortex. Patients with 

schizophrenia have been reported to have 

smaller inferior frontal volumes, which 

correlated with mid-frontal volumes 

(Buchanan et al., 2004). Activity in this region 

has been noted in other paradigms that, like 

the MMN condition, require pre-conscious 

attention-related processing (e.g. back-ward 

masking, sensory gating), and to be reduced in 

patients with schizophrenia (Dehaene et al., 

2004; Kumari et al., 2003). 

Generic detection of stimulus change has 

been attributed to right inferior mid-frontal 

function (Beck et al., 2001). This conclusion 

was based on the activity elicited in an fMRI 

investigation of change-blindness during the 

condition of conscious non-detection of actual 

stimulus change. Such frontal pre-conscious 

activity is proposed to represent the switch to 

further controlled processing of a potentially 

significant stimulus (Escera et al., 1998). 

Numerous paradigms have postulated that 

parts of the cingulate cortex are involved in 

monitoring conflicts of information processing 

(e.g. error commission) precisely as would 

occur in the current mismatch conditions. This 

is illustrated by Carter et al. (2001) who used a 

form of Go/no-go task. They also reported 

activity in the right frontal BA 10 region. Our 

finding that dipole activity in the right frontal 

region, occurred later than the near-

simultaneous activation of the auditory 

association cortices and cingulate, provides 

remarkable support for a bottom-up sequence 

of processing and monitoring that culminates 

in a region exerting a “pre-executive” role 

necessary for subsequent controlled 

processing. 

4.2 Illness Progression: 

Controversy surrounds whether there is a 

‘progression of illness’ in patients with 

schizophrenia over time in terms of function 

or structure. Potential signs of structural 

change were the more rostral position of the 

left cingulate and the more ventro-caudal 

location of the right frontal MMN sources in 

older vs. younger patients. The relevance is 

underlined by the activity of the right frontal 

dipole peaking precisely in the time window 

for which a significant difference in the ERP 

was recorded. The change in the cingulate 

locus was also accompanied by an altered 

orientation of the dipole between younger 

and older patients.  

Modest structural and functional 
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progression was also observed for the left 

temporal sources. The locus remained more 

medial rather than developing a more lateral 

position seen in age-matched controls. 

Further, the dipole moment was significantly 

weaker in the older vs. the younger patients. A 

similar emphasis on left sided impairments 

was reported for MMN in adult patients (Catts 

et al 1995; Hirayasu et al 1998; Kasai et al 

2003; Sauer et al 1997). Our results are 

consistent with a fairly marked change of 

structure for patients in adolescence (Gogtay 

et al., 2004) that asymptotes over the 

following decade (DeLisi et al., 2004). The later 

changes in the superior temporal gyrus and 

frontal regions were reported to become 

more pervasive with age (Thompson et al., 

2001), and could be indirectly responsible for 

the changes of location for the generators 

described here. Such changes with increasing 

age reflect differences in grey to white matter 

ratios driven by the absence of white matter 

expansion in patients (Bartzokis et al., 2003). 

Changes of function with the course of illness 

may incur executive improvements, yet 

memorial impairments (Hoff et al., 1999). 

Theoretically both domains of function could 

relate to appropriate MMN generation. 

4.3 Limits to the Study: 

A number of features qualify the accuracy 

of dipole localization. The first concerns the 

variance in the data. The two patient groups 

do not represent subjects with a 

homogeneous set of states or traits that are 

likely to provide a uniform set of MMN 

measures or dipole locations. Thus, the EOS 

group contains subjects with a paranoid, 

disorganized or undifferentiated form of 

illness. Clearly the presence or absence of 

paranoia or thought disorder will influence, at 

least quantitatively, the potentials recorded 

(Oades et al., 1996; Krljes et al., 2004). 

Similarly S-15Y patients manifested varying 

degrees of illness-severity. Further, some of 

the patients were not medicated at the time 

of the recording. These provide further 

sources of variance. While it is reported that 

the dopaminergic aspect of anti-psychotic 

medication does not have a major influence 

on MMN expression (Käkonen et al., 2000; 

Hansenne et al., 2003), other aspects of the 

drug profile have not been studied. While 

medication did not significantly affect peak 

amplitude or latency here, it did prolong the 

period of MMN activation. The group 

participants were not precisely matched for 

gender, but studies of the potential influence 

of gender on MMN have been consistently 

negative (Koelsch et al 2003; Nagy et al 2003). 

These aspects will be taken into account in the 

ongoing longitudinal design of the study. 

 A second set of considerations concerns 

the signal to noise ratio in the source 

calculations. A reasonable effect size requires 

about 1000 trials of artefact free data derived 

from 6 electrodes for each assumed dipole 

source (Kamijo et al., 2002; Phillips et al., 

2002; Picton et al., 1995). Each group solution 

satisfied the data requirement in terms of the 

number of sweeps and channels with a small 

excess of degrees of freedom. But this would 

not allow the additional resolution of, say, 2 

dipoles in each temporal lobe. In fact, our 

coordinates overlap with those reported for to 

N1/P2 dipoles attributed to the primary 

auditory cortex (Mulert et al., 2002). The 

stability of the group solution was aided by 

the hypothesis-led model (Jemel et al., 2002). 

But the individual solutions, calculated to 

provide a measure of variance, were less 

reliable due to a much poorer signal-to-noise 

ratio. We had to relax the criterion for the 

model’s fit and stability. Nonetheless a 

satisfactory 70-80% of the subjects achieved 

the criterion of explaining 96% of the variance 

in the MMN recorded. 

A final set of considerations lies with the 

spatial accuracy of the solutions. While 

topographic precision is improved by digitizing 

the recording sites with respect to individual 

fiducial skull markers, we must emphasize that 

the model to explain these data provides a 

mathematical point solution. This does not 

plausibly reflect the likely extent of 

physiological activation. We did not check the 

stability of solutions millimetre by millimetre 

along the 3 dimensions, as before (Jemel et 

al., 2003). But the stability we reported (2-6 

mm along each dimension) is likely to pertain 

here where all other aspects of our methods 

were the same. Further, the standard 

deviations (table 2) show that this measure of 

variation was usually <8 mm. However, these 

difficulties are compounded by the 
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inexactitude of placing sources on the brain 

atlas or SPM maps based on the anatomy 

derived from averages of other subjects. The 

problem is partly counteracted by our placing 

sources on the anatomy of one of our subjects 

(fig. 3), but this does not account for 

anatomical variability within our subjects. In 

the future, the data should be placed on 

anatomic averages of the subjects studied. 

Currently, in conjunction with studies of the 

accuracy obtained with known modelled 

sources (e.g. Yvert et al 1997; Laarne et al 

2000), we postulate a potential error of the 

order of 1 cm. 

 In conclusion we have shown that our 

model describing 4 dipole sources for the 

frequency-deviant MMN (Jemel et al., 2002) 

broadly fits groups of healthy adolescent and 

adult subjects and age-matched patients with 

schizophrenia. These sources lie bilaterally in 

the auditory association cortices, in the 

posterior part of the left anterior cingulate 

and the right inferior or mid-frontal gyrus. 

Some changes in these source locations are 

related to pathophysiology and illness 

progression. The reduction of MMN to be 

found in many patients with schizophrenia is 

reflected in small changes to each source, 

differentially reflecting the size of the dipole 

moment, its orientation and its location. 

References 

Alain, C., Cortese, F., Bernstein, L.J., He, Y., 

Zipursky, R.B., 2002. Auditory feature 

conjunction in patients with schizophrenia. 

Schizophr Res. 49, 179-191. 

Arrington, C. M., Carr, T. H., Mayer, A. R., Rao, 

S. M., 2000. Neural mechanisms of visual 

attention: object-based selection of a 

region in space. J . Cogn Neurosci. 12, 

S106-117. 

Bartzokis, G., Nuechterlein, K.H., Gitlin, M., 

Rogers, S., Mintz, J., 2003. Dysregulated 

brain development in adult men with 

schizophrenia: a magnetic resonance 

imaging study. Biol. Psychiatry 53, 412-421. 

Beck, D.M., Rees, G., Frith, C.D., Lavie, N., 

2001. Neural correlates of change 

detection and change blindness. Nature 

Neurosci. 4, 645-650. 

Benkert, O., Hippius, H., 1986. Psychiatrische 

Pharmakotherapie (4
th

 ed.). Heidelberg: 

Springer-Verlag 

Berti, S., Schröger, E., 2003. Working memory 

controls involuntary attention switching: 

evidence from an auditory distraction 

paradigm. Eur. J. Neurosci. 15, 1119-1122. 

Bramon, E., Croft, R.J., McDonald, C., Virdi, 

G.K., Gruzelier, J.G., Baldeweg, T. et al., 

2004. Mismatch negativity in schizophrenia: 

a family study. Schizophr. Res. 67, 1-10. 

Brazdil, M., Roman, R., Falkenstein, M., Daniel, 

P., Jurak, P., Rektor, I., 2002. Error 

processing-evidence from intra-cerebral 

ERP recordings. Exp Brain Res 146:460-466. 

Buchanan, R.W., Francis, A., Arango, C., Miller, 

K., Lefkowitz, D.M., McMahon, R.P. et al., 

2004. Morphometric assessment of the 

heteromodal association cortex in 

schizophrenia. Am. J. Psychiatry 161, 322-

331. 

Catts, S.V., Shelley, A-M., Ward, P.B., Liebert, 

B., McConaghy, N., Andrews, S., Michie, 

P.T. 1995. Brain potential evidence for an 

auditory sensory memory deficit in 

schizophrenia. Am J Psychiatry, 152, 213-

219. 

Carter, C.S., MacDonald, A.W., Ross, L.L., 

Stenger, V.A., 2001. Anterior cingulate 

cortex activity and impaired self-

monitoring of performance in patients with 

schizophrenia: an event-related fMRI 

study. Am. J. Psychiatry 158, 1423-1428. 

Carter, C.S., Braver, T.S., Barch, D.M., 

Botvinick, M.W., Noll, D., Cohen, J.D., 1998. 

Anterior cingulate cortex, error detection 

and the online monitoring of performance. 

Science 280, 274-279. 

Crottaz-Herbette, S., Ragot, R., 2000. 

Perception of complex sounds: N1 latency 

codes pitch and topography codes spectra. 

Electroencephalogr. Clin. Neurophysiol. 

111, 1759-1766. 

Dehaene, S., Artiges, E., Naccache, C., Martelli, 

C., Viard, A., Schürhoff, F. et al., 2004. 

Conscious and subliminal conflicts in 

normal subjects and patients with 

schizophrenia: the role of the anterior 

cingulate. Proc. Natl. Acad. Sci. USA 100, 

13722-13727. 

Delisi, L.E., Maurizio, A., Sakuma, M., Hoff, 

A.L., 2004. Progressive ventricular 

enlargement: a 10-year follow-up study. 

Schizophr. Res. 67, 27. 

D'Esposito, M., Postle, B.R., Rypma, B., 2000. 



 16

Prefrontal cortical contributions of working 

memory: evidence from event-related fMRI 

studies. Exp. Brain Res. 133, 3-11. 

Eggers, C., Bunk, D., Volberg, G., Röpcke, B., 

(1999). The ESSEN study of childhood onset 

schizophrenia: Selected results. Eur. Child 

Adolesc. Psychiatry 8: suppl.1, 21-28. 

Escera, C., Alho, K., Winkler, I., Näätänen, R., 

1998. Neural mechanisms of involuntary 

attention to acoustic novelty and change. J. 

Cogn. Neurosci. 10, 590-604. 

Erikson, R., Goldthorpe, J.H., 1992. Individual 

or family? Results from two approaches to 

class assignment. Acta Sociol. 35, 95-106. 

Ford, J.M., White, P.M., Csernansky, J.G., 

Faustman, W.O., Roth, W.T. et al., 1994. 

ERPs in schizophrenia: effects of 

antipsychotic medication. Biol. Psychiatry 

36, 153-170. 

Gogtay, N., Sporn, A., Clasen, L.S., Nugent, 

T.F., Greenstein, D., Nicolson, R. et al., 

2004. Comparison of progressive cortical 

gray matter loss in childhood-onset 

schizophrenia with that in childhood-onset 

atypical psychoses. Arch. Gen. Psychiatry 

61, 17-22. 

Grzella, I., Müller, B.W., Oades, R.D., Bender, 

S., Schall, U. et al., 2001. Novelty-elicited 

mismatch negativity (MMN) in patients 

with schizophrenia on admission and 

discharge. J. Psychiatry. Neurosci. 26, 235-

246.  

Hansenne, M., Pinto, E., Scantamburlo, G., 

Couvreur, A., Reggers, J., Fuchs, S. et al., 

2003. Mismatch negativity is not correlated 

with neuroendocrine indicators of 

catecholaminergic activity in healthy 

subjects. Hum. Psychopharmacol. Exp. Clin. 

18, 201-205. 

Harris, L.R., Lieberman, L. 1996. Auditory 

stimulus detection is not suppressed during 

saccadic eye movements. Perception 25, 

999-1004. 

Hirayasu, Y., Potts, G.F., O'Donnell, B.F., Kwon, 

J.S., Arakaki, H., Akdag, S.J. et al., 1998. 

Auditory mismatch negativity in 

schizophrenia: topographic evaluation with 

a high-density recording montage. Am. J. 

Psychiatry 155, 1281-1284. 

Hoff, A.L., Sakuma, M., Wieneke, M., Horon, 

R., Kushner, M., Delisi, L.E., 1999. 

Longitudinal neuropsychological follow-up 

study of patients with first-episode 

schizophrenia. Am. J. Psychiatry 156, 1336-

1341. 

Jacobsen, T., Schröger, E., 2001. Is there pre-

attentive memory-based comparison of 

pitch? Psychophysiology 38, 723-727. 

Javitt, D.C., Doneshka, P., Grochowski, S., 

Ritter, W., 1995. Impaired mismatch 

negativity generation reflects widespread 

dysfunction of working memory in 

schizophrenia. Arch. Gen. Psychiatry 52, 

550-558. 

Jemel, B., Achenbach, C., Müller, B., Röpcke, 

B., Oades, R.D., 2002. Mismatch negativity 

results from bilateral asymmetric dipole 

sources in the frontal and temporal lobes. 

Brain Topogr. 15, 13-27.  

Jemel, B., Oades, R.D., Oknina, L., Achenbach, 

C., Röpcke, B., 2003. Frontal and temporal 

lobe sources for a marker of controlled 

auditory attention: the negative difference 

(Nd) event-related potential. Brain Topogr. 

15, 249-262. 

Kähkönen, S., Ahveninen, J., Pekkonen, E., 

Kaakkola, S., Huttunen, J., Ilmoniemi, R.J., 

Jääskeläinen, I.P., 2002. Dopamine 

modulates involuntary attention shifting 

and reorienting: an electromagnetic study. 

Clin. Neurophysiol. 113, 1894-1902. 

Kamijo, K-I., Yamazaki, T., Kiyuna, T., Takaki, 

Y., Kuroiwa, Y., 2002. Visual event-related 

potentials during movement imagery and 

the dipole analysis. Brain Topogr. 14, 279-

292. 

Kane, J.M., 1996. Drug therapy: Schizophrenia. 

New England J. Med. 334, 34-41. 

Kasai, K., Yamada, H., Kamio, S., Nakagome, K., 

Iwanami, A., Fukuda, M. et al., 2003. 

Neuromagnetic correlates of impaired 

automatic categorical perception of speech 

sounds in schizophrenia. Schizophr. Res. 

59, 159-172. 

Kircher, T.T.J., Rapp, A., Grodd, W., 

Buchkremer, G., Weiskopf, N., 

Lutzenberger, W. et al., 2004. Mismatch 

negativity responses in schizophrenia: a 

combined fMRI and whole-head MEG 

study. Am. J. Psychiatry 161, 294-304. 

Krljes, S., Hirsch, S.R., Baldeweg, T., 2004. 

Event-related potential mismatch 

negativity is related to thought disorder in 

schizophrenic patients. Schizophr. Res. 67, 

22. 



 17

Koelsch, S., Maess, B., Grossmann, T., 

Firederici, A.D., 2003. Electric brain 

responses reveal ender differences in 

music processing. NeuroReport 14, 709-

713. 

Kumari, V., Gray, J.A., Geyer, M.A., ffytche,D., 

Soni,W., Mitterschiffthaler, M.T. et al., 

2003: Neural correlates of tactile prepulse 

inhibition: a functional MRI study in normal 

and schizophrenic subjects. Psychiatry Res. 

Neuroimaging 122, 99-113. 

Laarne, P.H., Tenhunen-Eskelinen, M.L., 

Hyttinen, J.K., Eskola, H.J., 2000. Effect of 

EEG electrode density on dipole 

localization accuracy using two realistically 

shaped skull resistivity models. Brain 

Topogr. 12, 249-254. 

Michie, P.T., Budd, T.W., Todd, J., Rock, D., 

Wichmann, H., Box, J. et al., 2000. Duration 

and frequency mismatch negativity in 

schizophrenia. Clin. Neurophysiol. 111, 

1054-1065. 

Mulert, C., Juckel, G., Augustin, H., Hegerl, U., 

2002. Comparison between the analysis of 

the loudness dependency of the auditory 

N1/P2 component with LORETA and dipole 

source analysis in the prediction of 

treatment response to the selective 

serotonin reuptake inhibitor citalopram in 

major depression. Clin. Neurophysiol. 113, 

1566-1572. 

Näätänen, R., Gaillard, A.W.K., Mäntysalo, S., 

1978. Early selective attention effect on 

evoked potential reinterpreted. Acta 

Psychol. 42, 313-329. 

Nagy, E., Potts, G.F., Loveland, K.A., 2003. Sex-

related differences in deviance detection. 

Int. J. Psychophysiol. 48, 285-292. 

Oades, R.D., 1995. Connections between 

studies of the neurobiology of attention, 

psychotic processes and event-related 

potentials. Electroencephalogr. Clin. 

Neurophysiol. Suppl. 44, 428-438. 

Oades, R.D., Zerbin, D., Dittmann-Balcar, A., 

Eggers, C., 1996. Auditory event-related 

potential (ERP) and difference-wave 

topography in schizophrenic patients 

with/without active hallucinations and 

delusions: a comparison with young OCD 

and healthy subjects. Int. J. Psychophysiol. 

22, 185-214. 

Oades, R.D., Dittmann-Balcar, A., Zerbin, D., 

Grzella, I. 1997. Impaired attention-

dependent augmentation of MMN in 

nonparanoid vs. paranoid schizophrenic 

patients: a comparison with obsessive-

compulsive disorder and healthy subjects. 

Biol. Psychiatry 41, 1196-1210. 

Ofek, E., Pratt, H., 2004. Ear advantage and 

attention: an ERP study of auditory cued 

attention. Hearing Res. 189, 107-118. 

Oknina, L.B., Juran, S.A., Oades, R.D., 

Weisbrod, M., Chan, E., Chen, E.Y.H. et al., 

2004. Frontal and temporal lobe sources 

for mismatch negativity (MMN) in 

schizophrenia: an ERP and MR-anatomical 

imaging study. Schizophr. Res. 67, 22. 

Oldfield, R.C., 1971. The assessment and 

analysis of handedness: the Edinburgh 

inventory. Neuropsychologia 9, 97-113. 

Paavilainen, P., Alho, K., Reinikainen, K., Sams, 

M., Näätänen, R., 1991. Right hemisphere 

dominance of different mismatch 

negativities. Electroencephalogr. Clin. 

Neurophysiol. 78, 466-479. 

Pekkonen, E., Katila, H., Ahveninen, J., Karhu, 

J., Houtilainen, M., Tiihonen, J. 2002. 

Impaired temporal lobe processing of 

preattentive auditory discrimination in 

schizophrenia. Schizophr. Bull. 28, 467-474. 

Petrides, M., Pandya, D.N., 2001. Comparative 

cytoarchitectonic analysis of the human 

and the macaque ventrolateral prefrontal 

cortex and cortico-cortical connection 

patterns in the monkey. Eur. J. Neurosci. 

16, 291-310. 

Phillips, C., Rugg, M.D., Friston, K.J., 2002. 

Systematic regularization of linear inverse 

solutions of the EEG source localization 

problem. Neuroimage 17, 287-301. 

Picton, T.W., Lins, O.G., Scherg, M., 1995. The 

recording and analysis of event-related 

potentials. In: Boller F, Grafman J, editors, 

Handbook of Neuropsychology, 

Amsterdam: Elsevier, pp 3-73. 

Rey, M-J., Schulz, P., Costa, C., Dick, P., Tissot, 

R., 1989. Guidelines for the dosage of 

neuroleptics. 1: Chlorpromazine 

equivalents of orally administered 

neuroleptics. Int Clin Psychopharmacology 

4, 95-104. 

Salisbury, D.F., Farrell, D., Shenton, M.E., 

Fischer, I.A., Zarate, C., McCarley, R.W. 

1999. Mismatch negativity is reduced in 

chronic but not first episode schizophrenia. 

Biol. Psychiatry 45, 25-26. 



 18

Salisbury, D.F., Shenton, M.E., Griggs, C.B., 

Bonner-Jackson, A., McCarley, R.W., 2002. 

Mismatch negativity in chronic 

schizophrenia and first-episode 

schizophrenia. Arch. Gen. Psychiatry 59, 

686-694. 

Sato, Y., Yabe, H., Todd, J., Michie, P.T., 

Shinozaki, N., Sutoh, T. et al., 2003. 

Impairment in activation of a frontal 

attention-switch mechanism in 

schizophrenic patients. Biol. Psychol 62, 49-

63. 

Sauer, H., Rosburg, T., Kreitschmann-

Andermahr, I., Meier, T., Volz, H-P., 

Huonker, R. et al.,  1997. Impaired mismatch 

generation in schizophrenics revealed by 

means of magnetencephalography. Biol. 

Psychiatry 42, 187. 

Scherg, M., Berg, P., 1991. Use of a priori 

knowledge in brain electromagnetic brain 

activity. Brain Topogr. 4, 143-150. 

Scherg, M., Picton, T.W., 1991. Separation and 

identification of event-related brain 

potential components by brain electric 

source analysis. Electroencephalogr. Clin. 

Neurophysiol. Suppl. 42, 24-37. 

Schröger, E., 1996. A neural mechanism for 

involuntary attention shifts to changes in 

auditory stimulation. J Cogn. Neurosci.  8, 

527-539. 

Shibata, H., Yukie, M., 2003. Differential 

thalamic connections of the postero-

ventral and dorsal posterior cingulate gyrus 

in the monkey. Eur. J. Neurosci. 18, 1615-

1626. 

Shinozaki, N., Yabe, H., Sato, Y., Hiruma, T., 

Sutoh, T., Nashida, T. et al,. 2002. The 

difference in mismatch negativity between 

the acute and post-acute phase of 

schizophrenia. Biol. Psychol. 59, 105-119. 

Talairach, J., Tournoux, P., 1988. Co-planar 

Stereotaxic Atlas of the Human Brain. New 

York: Thieme. 

Thompson, P. M., Vidal, C., Giedd, J. N., 

Cochran, P., Blumenthal J., Nicolson, R. et 

al., 2001. Mapping adolescent brain change 

reveals dynamic wave of accelerated grey 

matter loss in very early-onset 

schizophrenia. Proc. Natl. Acad. Sci. (USA) 

98, 11650-11655.  

Tillmann, B., Janata, P., Bharucha, J.J., 2003. 

Activation of the inferior frontal cortex in 

musical priming. Cogn. Brain Res. 16, 145-

161. 

Todd, J., Michie, P.T., Jablensky, A.V., 2002. Do 

loudness cues contribute to duration 

mismatch negativity reduction in 

schizophrenia? NeuroReport 12, 4069-

4073. 

Umbricht, D., Javitt, D.C., Bates, J., Kane, J., 

Lieberman, J.A., 2002. Auditory event-

related potentials (ERP): indices of both 

premorbid and illness-related progressive 

neuropathology in schizophrenia? 

Schizophr. Res. 53, suppl:18.  

Umbricht, D., Koller, R., Schmid, L., Skrabo, A., 

Grübel, C., Huber, T. et al.,  2003. How 

specific are deficits in mismatch negativity 

generation to schizophrenia? Biol. 

Psychiatry 53, 1120-1131 

Valkonen-Korhonen, M., Purhonen, M., 

Tarkka, I.M., Sipilä, P., Partanen, J., Karhu, 

J. et al., 2003. Altered auditory 

consciousness in acutely psychotic, never-

medicated first-episode patients. Cogn. 

Brain Res. 17, 747-58. 

Youn, T., Park, H.J., Kim, J-J., Kim, M.S., Kwon, 

J.S., 2003. Altered hemispheric asymmetry 

and positive symptoms in schizophrenia: 

equivalent current dipole of auditory 

mismatch negativity. Schizophr. Res. 59, 

253-260. 

Yvert, B., Bertrand, O., Thevenet, M., Echallier, 

J.F.,  Pernier, J.A., 1997. Systematic 

evaluation of the spherical model accuracy 

in EEG dipole localization. 

Electroencephalogr. Clin.  Neurophysiol. 

102, 452-459. 

 


