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1. Introduction 

HIGHLIGHTS 

• Perceptual and memory functions in schizophrenia (renected by a reduced MMN) are unrelated to 
increased amplitude variability of the brain response. 
• Reduced stimulus-related phase-locking and deficient auditory sensory memory may characterize the 
disorder. 
• Without considering the contribution of diminished temporal stability of neuronal network dynamics 
to schizophrenia the impaired performance of brain function compared to healthy controls cannot be 
reliably modeled. 

ABSTRACT 

Objectives: Schizophrenia patients commonly exhibit smaller amplitudes of mismatch negativity (MMN) 
than in controls. It remains unclear whether this results from deficient processes indexed by MMN or 
'normally' though more variable processing. The present magnetoencephalographic study addressed this 
question by analyzing intra-individual trial-by-trial variability and MMN amplitude. 
Melhuds: Twenty inpatients meeting !CD criteria for schizophrenia and 18 healthy controls participated 
in an auditory oddball experiment: The neuromagnetic mismatch field (MMNm) was defined as the dif­
ference waveform deviant minus standard tone response. Variability index (VI) in different frequency 
bands was quantified as trial-by-trial varia tion of stimulus-evoked responses and epoch-by-epoch 
variation of signal amplitude during a resting condition. 
Results: Patients displayed a smaller MMNm amplitude and higher VI dllfing the oddball experiment and 
dllfing the resting condition than in controls. VI and MMNm amplitude were correlated in controls, but 
not in patients. 
Conclusion: Reduced MMN in schizophrenia cannot be explained by augmented variability of brain 
activity; deficient auditory sensory memory and stimulus related phase-locking may characterize the 
di sorder. 
Significance: Understanding the contribution of diminished temporal stability of neuronal network 
dynamics to schizophrenia is crucial in modeling the impact of such instability on performance and thus 
for understanding deviant attention and memory functions . 

Event-related brain potentials (ERP) have been llsed to under­
stand perceptual or cognitive abnormalities in schizophrenia 
patients relative to healthy controls. Smaller mean amplitudes in 
patients than in controls have bee n confirmed for various ERP 

components and for difference waveforms in oddball designs, in 
which rare deviant events are embedded in a stream of repeated 
standard events (Callaway et aI., 1970; Winterer et aI., 2000, 
2004; Garrido et aI., 2009; Rosburg et aI., 2004; Naatanen, 1992; 
Naatanen et aI., 2007; Umbricht and [(rljes, 2005). Different 
hypotheses have re lated the smalle r ERP amplitudes to deviant 
or deficient perceptual or cognitive processing in schizophrenia, 
while the extent to which smaller mean amplitudes result from 
less activity as a function of less efficient processing or from less 
activity as a function of more variable but otherwise unimpaired 
processing across trials is still discussed, Augmented response 
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variability across trials has been demonstrated for amplitude and 
latency of ERP components such as N100, P300 and P50 gating ra­
tio in schizophrenia patients (Roth et aI., 2007; Iyer and Zouridakis, 
2008; Jansen et aI., 201 0). If, as suggested by computational models 
(Rolls et aI., 2008), this temporal variability reflects less orches­
trated neuronal firing or reduced signal-to-noise ratio, discussing 
the functional meaning of reduced MMN as an index of deficiency 
has to be challenged. It thus seems crucial to specify the contribu­
tion of trial-by-trial ERP variability to the mean evoked response. 

The present study addressed the inter-trial variability of cortical 
processing for the auditory mismatch negativity (MMN), a reliable 
response to physically deviant events embedded in a stream of 
repeated stimuli (NaiWinen et aI., 2007; Tervaniemi et aI., 2005). 
The MMN is reduced in amplitude in schizophrenia (reviews by 
Rosburg et aI., 2004; Michie, 2001; Naatanen and Kahkonen, 
2009) and is considered to indicate of perceptual accuracy, sensory 
learning and memory (Umbricht and Krljes, 2005; Garrido et aI., 
2008, 2009). Hence, reduced MMN or smaller mismatch fields 
than the electromagnetic analog of the MMN (MMNm, 
Kreitschmann-Andermahr et aI., 1999; Pekkonen et aI., 2002; 
Kircher et aI., 2004) in schizophrenia patients are discussed as 
signs of reduced integrity in these perceptual and memory func­
tions of the auditory cortex (Michie, 2001; Pel<konen et aI., 2002; 
Magno et aI., 2008; Naatanen and Kahkonen, 2009; Turetsky and 
Moberg, 2009). 

Various designs containing the violation of an acoustic regular­
ity elicit MMN and MMNm. Amplitudes vary according to design 
features (e.g., deviation in frequency, duration, intensity, stimulus 
onset asynchrony, oddball ratio, rhythms or musical sequences; 
Naatanen et aI., 2004; Thonnessen et aI., 2008; Matsubayashi 
et aI., 2008; Telvaniemi et aI., 2005; Deouell and Bentin, 1998; 
Garrido et aI., 2009), but also according to gender and personality 
traits (Matsubayashi et aI., 2008; Tervaniemi et aI., 2005). Reduced 
MMN amplitudes in schizophrenia patients are more reliably 
found for duration than for frequency deviants (Rosburg et aI., 
2004); they vary according to illness duration and severity 
(Naatanen and Kahkonen, 2009; Kirino, 2007; Umbricht and «rljes, 
2005; Todd et aI., 2008) but seem robust against medication effects 
(Michie, 2001). Temporal variability of the MMN across trials has 
not been scrutinized, although Roth et al. (2007) reported in­
creased latency and amplitude variability of the P300 component 
in schizophrenia patients. Augmented temporal variability of 
neuronal network activity in schizophrenia might be deduced from 
computational neuroscience models of reduced stability of attrac­
tor networks and, as a consequence, reduced signal-to-noise ratio 
of brain activity (Rolls et aI., 2008). 

The present study seeks to add further evidence of such 
instability and its relationship to mean ERP amplitude by analyzing 
trial-by-trial variability in the MMN paradigm. Verifying the con­
tribution of instability of processing to mean amplitudes is crucial 
for understanding mechanisms indexed by reduced MMN such as 
deficient detection accuracy or auditory memory. In addition, 
epoch-by-epoch variation of brain activity was analyzed for a rest­
ing condition in order to test the hypothesis of a general (relative 
to mainly event-related) augmented temporal variability of corti­
cal network dynamics (Rolls et aI., 2008). Both variability indices 
(VI) were tested for relationships with the MMNm amplitude. 
We hypothesize that: (1) a negative correlation between MMNm 
and VI measured in the oddball design indicates that MMNm could 
result from deficient and/or from inconsistent processing; (2) a 
negative correlation between MMNm and epoch-by-epoch vari­
ability (VI) during resting state indicates that deficient auditory 
stimulus processing is related to the temporal variability of brain 
activity in general; and (3) uncorrelated measures indicate that 
deficient processing and adequate though variable processing 
might act additively or interactively in the generation of auditory 

Table 1 
Demographic characteristics for the group of schizophrenia patients and the g roup of 
healthy controls for measurement conditions (oddball design and resting state). 

Patients Controls Inferential tests 

Oddball desigll 
N 20 18 
Age (M±SD) 31 ± 8.5 27.7 ± 4.8 F(1. 36) - 2. P >.1 
Gender: females/males 1/19 7/11 Chi2 (1) D 6.55. P < .05 
Years of education (M ± SD) 12 ±2.1 17.4 ± 2 F(1. 36) - 66.8. P - 0 
Handedness: left/right 4/16 2/16 Chi2 (1) = 0.6. P >.1 

Resting state 
N 16 14 
Age (M±SD) 30.3±7.3 30.4±7.1 f(I.28) < I , p>.1 
Gender: females/males 1/1 5 4/10 Chi2 (1) D 2.7. P >.1 
Years of education (M ± SD) 12.1 ± 2.1 18 ± 2 F(1. 28) D 62.3. P = 0 
Handedness: left/right 3/13 2/12 Chi2 ( I) < 1. p > .1 

Note: M ± SD: mean ± standard deviation. 

perceptual and/or memory performance such as induced in oddball 
designs. MEG seems advantageous for these analyses as: (a) MEG 
measurements are less affected by conductivities of the skull and 
the scalp than EEG measurements so that interpretation of MEG 
signals does not require preliminary knowledge of the thiclmesses 
and conductivities of the tissues in the head (Hamalainen et aI., 
1993); (b) the magnetic field drops rapidly with distance (1/r2 ), 

which improves the separation of simultaneous activities in the 
left and in the right brain hemispheres (Reite et aI., 1999). 

2. Methods 

2.1. Subjects 

Twenty inpatients meeting the ICD-1 0 criteria for paranoid-hal­
lucinatory schizophrenia (F20.0) and 18 psychiatrically healthy 
controls participated in the oddball experiment (see Table I for 
demographic characteristics). Resting state data were available 
for 15 patients and 14 controls (see Table 1). Patients and controls 
did not dilfer with respect to age, but controls had more years of 
education. 

Patients were diagnosed by experienced senior psychiatrists 
using ICD-10 criteria. The psychiatrist or psychologist responsible 
for the particular patient also assessed symptom severity with 
the Brief Psychiatric Rating Scale (BPRS; Lul<olf et aI., 1985), Beck 
Depression Inventory (BDI-Il; Beck et al .. 1995) and Global Assess­
ment of Functioning Scale (GAF; DSM-IV-TR; American Psychiatric 
Association, 2000; see Table 2). These assessments were made on 
the day of the MEG measurement. All patients were on psychoac­
tive medication (see Table 2). Healthy controls were included if 
they did not meet criteria for a lifetime diagnosis of mental illness 
(screened with the MINI interview; Ackenheil et aI., 1999) and 

Table 2 
Clinical characteristics of schizophrenia patients. 

Characteristic M±SD Range 

BPRS 47.3± 9.0 26-65 
GAF 34.1 ± 8.3 20-60 
HDI 12.5 ± 11.2 1-48 
Number of hospitalizations 5.5 ±6 1-23 
Medication: CPZ 843 ± 583 245-2700 
Number of patients on : 

Typical neuroleptics 2 
Atypical neuroleptics 13 
Both 5 

Note: BPRS: Brief Psychiatric Rating Scale. BPRS (Lukoff e t al .. 1986): GAF: Global 
Assessment of Functioning Scale: DSM-IV-TR (American Psychiatric Association. 
2000): BDI: Beck Depression InventOlY (Beck et aI., 1996): CPZ: chlorpromazine 
equivalents. M ± SD: mean ± standard deviation. 
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were free of psychoactive medication. For all subjects, exclusion 
criteria included any histOlY of head trauma with loss of conscious­
ness. All subjects were informed about the measurement proce­
dures and gave their written consent prior to measurements. 

2.2. Stimuli and design 

The study design was approved by the Ethics Committee of the 
University of Konstanz. Within an auditory oddball design includ­
ing a random sequence of 2200 stimuli 80% (1800) were standard 
tones (500 Hz, 20 ms duration), 10% (200) were frequency-deviant 
tones (550 Hz, 20 ms duration) and 10% (200) duration-deviant 
tones (500 Hz, 60 ms duration).! Stimuli were presented binaurally 
with a 270 ± 15-ms offset-to-onset intelval. A minimum of three 
and a maximum of six standards were presented between two 
deviants. Tones were delivered via plastic tubes to the subject within 
the shielded MEG recording chamber and presented at 50 dB above 
the subjective hearing level, which was determined separately for 
each ear. No task was involved, but participants were asked to 
keep their eyes focused on a small fixation point throughout the 
measurement. 

2.3. Data acquisition and analysis 

MEG was recorded using a 148-channel magnetometer 
(MAGNESTM 2500 WH, 4D Neuroimaging, San Diego, USA) while 
participants were in a lying position. Data were continuously 
recorded with a sampling rate of678.17 Hz and a real bandpass fil­
ter of 0.1 - 200 Hz. For artifact control, the vertical and horizontal 
electro-oculogram (EOG) was recorded using four electrodes 
placed near the left and right temporal canthus and above and be­
low the right eye using a SynAmps amplifier (NEUROSCAN Labora­
tories, Sterling, VA, USA). The subject's nasion, left and right ear 
canal, and head shape were digitized prior to measurement with 
a Polhemus 3Space® Fasttrack. 

Global noise was filtered from the MEG data offline by subtract­
ing non-biological external noise that was recorded by 11 MEG ref­
erence sensors. Prior to subtraction, reference channels were 
multiplied with individually calculated fixed weight factors. This 
noise reduction procedure has little or no influence on biological 
signals as the distance between the reference sensors and the sub­
ject's head is large (M ± SD 25.8 ± 6.0 cm, min 15.5 cm, max 
36.5 cm) relative to the distance between the head and adjacent 
sensors. 

MEG data were analyzed using the Matlab-based FieldTrip tool­
box developed at the Donders Institute for Brain, Cognition and 
Behavior (http://fieldtrip.fcdonders.nlJ). Data segments containing 
eye blinl(s, muscle artifacts or superconducting quantum interfer­
ence device (SQUID) jumps were rejected using an artifact rejec­
tion function. For each trial, the variance across all sampling 
points was calculated separately for each channel. Whenever the 
maximum value across channels exceeded a threshold value of 
1 x 10- 24 fT2, the trial was classified as artifact-contaminated 

1 The present study was part of a larger project in which patients were assigned to 
an auditOlY discrimination training including frequency changes. Accuracy of 
frequency discrimination was therefore of particular interest in the pre-training 
assessment, part of which constituted the present MMN analysis. Duration deviants 
were nevertheless included, with the aim of assessing general or specific auditory 
processing deficits. Both stimulus conditions had already been combined within 
single studies. for instance. by Deacon et al. (1998). Deouell and Bentin (1998), Michie 
et al. (2000). Petermann et al. (2009). Magno et al. (2008). Horton et al. (2010). Fisher 
et al. (2011 ~ albeit with different aims than those of the present study. These studies 
showed independent differential effects of both dimensions or similar effects for 
duration and frequency deviants if the deviation was large enough. Although MMN as 
a measure of discrimination accuracy of changes in frequency was of particular 
interest the MMNm and VI for duration deviants was analyzed as well. 

and excluded from further analysis. The threshold value was 
empirically determined by computing the variance for random 
samples of trials with and without artifacts . Variance of artifact­
free trials did not exceed 1 x 10- 24 fT2, whereas the variance on 
trials with eye movement artifacts ranged from 0.5 x 10- 24 to 
6.4 x 10- 24 fT2. Analyses of averaged responses were based on pla­
nar gradients of the MEG field distribution determined llsing the 
nearest-neighbor method (Bastiaansen and Knosche, 2000). The 
horizontal and vertical components of the estimated planar gradi­
ents approximate the signal measured by MEG systems with pla­
nar gradiometers (see Fig. 1). As the maximal activity of planar 
gradients is typically located above the source, this analysis can 
be used to estimate loci of activity sources (Hamalainen et aI., 
1993). 

Continuous data were filtered using a l-Hz high-pass zero­
phase as well as a 45-Hz low-pass zero-phase Butterworth filter 
of second order. For MMNm analysis, epochs of 300 ms duration 
following stimulus onset relative to a 100-ms prestimulus interval 
were determined separately for standards and deviants. Resting 
state data were segmented into l -s epochs, resulting in an average 
of 250 epochs. The same number of trials per subject were chosen 
for further analyses by selecting the first 1000 artifact- free re­
sponses to standards for each subject, the first 100 artifact-free re­
sponses to each frequency duration deviant as well as the first 150 
artifact-free resting-state epochs. 

The neuromagnetic mismatch field (MMNm) was calculated by 
subtracting the magnetic fields per sensor evoked by standards 
from those evoked by frequency deviants and the duration deviants 
separately. . 

Variability in the oddball design was, defined as trial-by-trial 
variation of stimulus-evoked responses (Mocks et aI., 1988) calcu­
lated for each MEG sensor, each time point and each stimulus type 
(standards and deviants). The VI (variability index) estimate is the 
mean magnitude of the difference between every single trial (or 
epoch in the resting data) and the average across trials . VI is calcu­
lated as a function of time over the entire trial/epoch length, 

with N representing the number of trials/epochs, t indicating the cur­
rent time point,x~t) the value of the i-th trial/epoch in the time point t 
and x(t) the average over all trials or epochs in the time point t. 
Results are reported as VI in femto-Tesla (IT), the square root of the 
noise power(fT2). VI(t) in both oddball and resting state data was also 
estimated for frequency bands after having band-pass filtered the 
data: delta- theta (1 - 7 Hz), alpha (8- 12 Hz), beta (13 - 24 Hz) and 
gamma (25- 45 Hz). The mean MMNm amplitudes, the VI(t) for 
oddball, and the VI(t) for resting state were first averaged over time 
(100- 240 ms for MMNm; 0-250 ms for VI(t) in the oddball design; 
0- 250 ms for the VI(t) during resting state) and then compared be­
tween groups (schizophrenia patients versus controls). Comparisons 
were corrected for family-wise error rate using a non-parametric 
t-test-based randomization test (Maris and Oostenveld, 2007). This 
procedure effectively controls for multiple comparisons and allows 
for the identification of sensor clusters of significant group differ­
ences. A cluster was defined as a set of adjacent sensors (defined as 
sensors at less than 3.2 cm distance, yielding on average three neigh­
bors per sensor) that exhibited similar differences between groups in 
t-value and magnitUde. Group differences were considered statisti­
cally robust for a sensor cluster when the significance level exceeded 
95%. Signals of significant sensor clusters were averaged and sub­
jected to a one-way analysis of variance (ANOVA) for group compar­
ison. Since VI has been reported to be lower in females than in males 
(Winterer et aI., 2004), separate ANOVAs were calculated: (i) for the 
entire sample, comparing patients and controls with the 
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Fig. 1. Grand average mismatch fields averaged separately for healthy controls (left) and schizophrenia patients (right) for axial gradiometers transformed into planar 
gradiometers. The color bar indicates field strength in femto Tesla/cm (fT/cm). (For interpretation of the references to color in this figure legend. the reader is referred to the 
web version of this article.) 

between-subject factor 'Group'; (ii) for the control group, comparing 
male and female subjects with the between-subject factor 'Gender'; 
and (iii) for the male sample with the between-subject factor 'Group', 
comparing male patients and male controls. The relationship be­
tween average event-related responses (MMNm) and VI values was 
probed by Pearson correlation coefficients. Since the number of sub­
jects in the different groups was quite small regarding statistical 
power, the size of all statistical effects was calculated. Hedges's g 
(Hedges and Olkin,1985) was used as a somewhat more accurate ver­
sion of Cohen's d as it adds a correction factor for small samples. 

3. Results 

As illustrated in Figs. 1 and 2, MMNm in the time interval 100-
240 ms after stimulus onset was smaller in schizophrenia patients 
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than in controls for both frequency and duration deviants. MMNm 
did not differ between frequency and duration deviants, as indi­
cated by a repeated measures ANOVA with the between factor 
Group and within factor Deviant, which did not confirm a signifi­
cant interaction Group x Deviant (F( 1,36) = LOS, p> .1) or main 
effect Deviant (F( 1,36) = 0.35, p> .5), but only a significant main 
effect Group (F( I , 36) = 8.1, P < .01 ). Therefore, results are reported 
for the amplitude averaged across MMNm types. The group differ­
ence was confirmed when only male subjects were considered 
(F( I, 28) ~ 11.7, P < .01; see also Table 3). As evident in Fig. 2 and 
confirmed by a randomization cluster, statistics differences were 
prominent at bilateral fronto-temporal sensors. 

In the oddball design, VI was significantly larger in patients than 
in controls (F( 1,36) - 15.44, P < .01). As evident in Fig. 3, differ­
ences were not confined to stimulus onset but evident across the 
entire time interval for responses to standards and deviants. The 

Time (ms( 

Fig. 2. Left : Scalp distribution of MMNm group differences in the time window 100-240 ms after stimulus. onset for both types of deviants (frequency and duration). Tile 
range of t-values is represented by color shading (color bar indicates t-values). Sensors contributing to a cluster of significant group difference (p < .025) are represented by 
asterisks and of significant group difference with p < .05 with "X". Right : The quadratic mean of the mismatch response across si gnificant sensors is plotted over time (- 100 to 
300 ms) for Ilealthy controls (solid line) and schizopllrenia patients (da shed line). The MMNm can be seen as a prominent deflection between 100 and 240 ms after tone onset. 
(For interpretation of the references to color in this figure legend. the reader is referred to the web version of tllis article.) 
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Table 3 
Group differences in MMNm and VI. 

Scores Statistica l effect A: B: C: 
Comparison patients - controls 
all subjects 

Comparison patients - controls 
male subjects only 

Comparison female -
male controls only 

MMNm planar gradient (ff/cm) 20 vs. 18 19 vs. 11 Sample size 
Group 
Effect size 

F(I, 36) a 8.1, p < .01 
g - - 0.96 

F(I, 28) . 11.7, p < .01 
g- - 1.33 

7 vs. 11 
F(I,16) - 2.2, p > .1 
g - - 0.63 

Variability index oddball design (IT) 20vs.18 19vs. ll Sample size 
Group 
Effect size 

F(I, 36) a 15.44, p < .01 
g - 1.26 

F(I, 28) - 5.08, P < .05 
g- 0.83 

7 vs. 11 
F(I , 16)=3.21,p< .1 
ga - 0.82 

Variability index resting state (IT) 16 vs. 14 15 vs. 10 4 vs. 10 Sample size 
Group 
Effect size 

F(I , 28) - 13.51 , p < .01 
g - 1.31 

F(1. 23) - 7.49, p < .05 
g- 1.08 

F(1. 12) - 0.64, p > .1 
ga - 0.44 

Note: Dependent variables MMNm (planar gradient in IT/em), VI in oddball design and VI in the resting state were compared: (A) between all patients and controls, (8) for 
male patients and controls, (C) for male and female controls. Group differences were expressed as ANOVA main effect for group (A, B) or gender (C) or as effect size according 
to Hedge's g. 

less variable VI time course for standards may be explained by the 
larger number of 1000 averages relative to 100 averages se lected 
for each type of deviant. Differences were significant at bilateral 
temporo-frontal sensor clusters, As in the MMNm group, differ­
ences remained when considering male subjects only 
(F(l, 2S) ~ 5,OS, p < .05). 

VI determined from resting state MEG (fig. 4) was significantly 
more pronounced in schizophrenia patients than in controls 
(F( 1, 2S) - 13.51, p < ,01; for male subjects,F(1, 23) - 7.49, P < .05). 
Group differences were mainly confined to left temporo-frontal sen­
sor clusters. No effect of gender was found in the control group 
(F(l, 12) < 1), VI determined for the different frequency bands 
(fig. 5) showed significant group differences of resting state Vis in 
the delta-theta band and mainly in a left temporal sensor cluster 
(p < ,05). In contrast to this, VI in the oddball design was significantly 

s 

-5 o 5 

t-values 

FD 

larger in patients than in controls for all except the alpha band (del­
ta - theta: bilateral temporal sensor cluster, p < .05; beta : bilateral 
temporal and frontal sensor cluster, p < .05 ; gamma: bilateral tem­
poral and posterior sensor cluster, p < .05). 

Correlation analysis verified positive relationships between 
MMNm amplitude and VI (in delta- theta frequency band) in the 
oddball design in healthy controls (r a .59, p = .01) but not in pa­
tients (r - - .OS, n.s.). A test for homogeneity of the regression 
slopes confirmed the significant difference between groups 
(F - 9.73, P < .01, g= - 1.04) (fig. 6). A positive correlation (r= .63, 
p < .01) confirmed that trial-by-trial variability in the oddball de­
sign and epoch-by-epoch variability in the resting condition were 
related to each other. 

Neither MMNm nor VI varied with clinical characteristics in pa­
tients, as indicated by the correlation coefficient for symptom 
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Fig. 3. Left: Scalp distribution of group differences of variability indices (VI) following standard (5, top row) and frequency deviant (FD. bottom row) stimuli. The range of 
t-values is represented by color sllading and the color bar indicates t-values. Sensors contributing to a cluster of significant group difference are marked by ,1sterisks (for 
p < .025) or X (for p < .05). Right: The quadratic mean ofVI(t) across significant sensors is plotted for patients (dotted lines) and controls (solid lines). as well as for standard 
tones (top). and deviant tones (bottom) for the time interval - 100 to 300 ms. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 



2370 

Fig. 4. Left: Scalp, distribution of group differences of variability indices (VI) during resting state. The range of t-valu es is represented by color shading and the color bar 
indicates t-values. Sensors contributing to a cluster of significant group difference are marked by asterisks (p < .05). Right: The quadratic mean of VI(t) across significant 
sensors is plotted for patients (dotted lines) and controls (solid lines) for a 1 s time interval. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

severity (BPRS, MMNm: r = - .002, VI : r = .18.), global functioning 
(GAF, MMNm: r=.3, VI: r= - .22 ,) and depression (BDI, MMNm: 
r - - .07, VI: r - - .21 a ll p >.1). Similarly, MMNm and VI did not 
valY with medication indexed by chlorpromazine equivalents 
(MMN, r= .15, V[, r= - .05, p > .2). 

4. Discussion 

Previous results had suggested that an increased trial-by- trial 
variability contributes to smaller ERP components in schizophrenia 
patients (Roth et aI., 2007), The present study confirmed differ­
ences in MMNm and in variability indices (V[) between groups, 
whereas relationships between VI and averaged MMNm amplitude 
in patients were not found , 

MMNm was smaller in patients than in controls, regardless of 
the type of stimulus deviance (frequency or duration). This is in 
line with reports of reduced MMN in schizophrenia evident in 
different designs (Thonnessen et aI., 2008; Michie et aI., 2000; 
Horton et aI., 2010; Pakarinen et aI., 2010) and suggests that 
reduced MMN is a robust phenomenon (Michie, 2001). These 
reports discussed the meaning of reduced MMN in schizophrenia 
as indexing deficient automatic detection of irregularities in 
auditory stimu lu s sequence and auditory memory trace formation. 
However, this discussion shou ld consider alternative explanations 
for small mean amplitUde. The extent to which temporal instability 
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of processing (reflected by trial-by-tria l variability of MMNm) 
constitutes a source is discussed below, 

MMNm in patients did not vary with type of deviant, medica­
tion, symptom severity or global level of functioning. Although 
reduced MMN in schizophrenia patients has been found in designs 
using frequency and duration deviants, differences in the robust­
ness and intensity of the effect between the types of deviants have 
a lso been reported (Rosburg et aI. , 2004). [n the present study, it 
cannot be ntled out that the combination of the two deviants with­
in the same tone sequence may have reduced a differentia l effect of 
each deviant type on MMNm along with generally smaller MMNm. 
Fisher et al. (2011) concluded from a similar result that increased 
deviant probability impairs the development of separate deviant 
memory traces. Whereas robustness against medication effects is 
in line with previous reports (Michie, 2001), variation with symp­
tom measures and duration of illness has also been frequently re­
ported (Naatanen and I<ahkonen, 2009; I<irino, 2007; Umbricht and 
I<rljes , 2005; Todd et aI., 2008). However, further conclusions from 
the present study are limited, as only general symptom severity 
and not more specific symptom profiles cou ld be considered. 
Reports on relationships between MMN and positive or negative 
symptoms are not consistent (Rosburg et aI., 2004), and significant 
relationships may vary with larger and less heterogeneous 
samples, Moreover, as the number of hospitalizations does not 
adequately reflect the duration of an illness, present results cannot 
be compared to results reported by other groups. If the impact of 

Beta 
In-24Hz] 
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[25-45Hz] 
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Fig. 5. VI magnitude differences between patients and controls in frequency bands of interest. Sensor clusters that distinguish groups are marked with asterisks (for p < .025) 
or X (for p < .05): sensor clusters that distinguish groups only as a trend (p < .1) are marked by '+'. The color bar indicates the range of t-values. (For interpretation of the 
references to color in this figure legend. the reader is referred to the web version of this article.) 
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Fig. 6. Relationship between VI magnitude in the delta-theta frequency band and 
MMNm amplitude obtained in the oddball paradigm are displayed for individual 
subjects: open triangles indicate schizophrenia patients; open circles indicate 
controls. The regression homogeneity test yielded significant difference in the 
slopes (p < .01). 

clinical and design characteristics on MMNm and its trial-by-trial 
variability is a target in Further studies, sample size and selection 
should be tuned to this goal. 

Analysis of trial-by-trial variability of MMN and epoch­
by-epoch variability under resting conditions confirmed larger 
variability in schizophrenia patients than in controls. Increased sig­
nal variability has been reported For schizophrenia (Winterer et aI., 
2000, 2004, 2006), suggesting reduced stability of attractor 
networks and, as a consequence, reduced signal-to-noise ratio of 
activity as derived From computation neuroscience models (Rolls 
et aI., 2008). Orchestrated non-stimulus-related firing of an attrac­
tor network can strengthen its Functionality (Elbert et aI., 1994), 
and stability of attractor networks is essential For Forming and 
maintaining sensory memory (Rolls et aI., 2008). The present result 
of augmented VI may index this diminished stability and thereby 
point to a dysFunction that may become evident in deficient 
processing. 

Prominent V[ in schizophrenia patients could be the conse­
quence of reduced phase-locking, greater amplitude variability or 
a combination of both. The V[ measure used in this study is not 
suitable For distinguishing between these sources of variability. 
However, the finding of augmented V[ under oddball and resting 
conditions suggests at least partial contribution of background 
activity to VI. Similarly, Winterer et al. (2000) did not find a rela­
tionship between variability and ERP amplitude using a measure 
comparable to the present VI. Additional separate analyses of 
amplitude variability and phase locking, however, suggested that 
increased V[ in the delta-theta range resulted From a decrease in 
phase locking. 

Group diFFerences in V[ varied with Frequency band and mea­
surement conditions : schizophrenia patients displayed higher V[ 
than healthy controls in [ower Frequency bands under resting as 
well as oddball conditions. Furthermore. augmented slow wave 
activity in schizophrenia patients has already been reported in 
other studies (Fehr et al.. 2001, 2003; Rockstroh et al.. 2007; 
Siekmeier and Stufflebeam. 2010) and might provide a basis For 
more pronounced temporal variability and thus higher VI. 

V[ of higher-Frequency bands only diFFered between groups dur­
ing the oddball design. Oscillatory activity in the beta/gamma 
range has been lin[(ed to attention- triggering task engagement 
and stimulus encoding (e.g .. Yabe et al.. 2005; Thiinnessen et al.. 
2008 ; Tallon-Baudry et al.. 1999). Reduced gamma band activity 

in schizophrenia has been Found in arithmetic and spatial tasks 
(e.g .• Kissler et al .. 2000) and auditory reaction tasks (e.g .. Leicht 
et al.. 2010; Popov et al.. 2011); the augmented V[ of higher Fre­
quency bands in the present patient sample may thereFore reflect 
less stable engagement of distributed cortical networks in initial 
stimulus encoding. Auditory stimulation 'activates the temporal 
lobes and this activation maniFests itselF in more synchronized 
oscillatory activity in higher Frequency bands in healthy controls. 
[n schizophrenia patients. more variable network activity may 
contribute to higher signal variability in higher Frequency bands 
alongside lower stimulus-evoked (synchronized) delta-theta band 
response . 

Group differences of V[ were prominent at Fronto-temporal 
sensor clusters during auditory stimulation and at left- temporal 
sensor clusters during resting state. Augmented V[ has been 
reported For Frontal sensors in schizophrenia patients in EEG stud­
ies (Winterer et al.. 2000. 2004). and diminished network stability 
in schizophrenia has been modeled mainly For preFrontal cortex 
networks (Rolls et al.. 2008). The slight incongruity between the 
present and previous studies could be explained by the more radial 
orientation of Frontal sources. as MEG sensors are mainly sensitive 
to fields generated by tangential sources (Garrido et al.. 2009). 
Rinne et al. (2000) and Pekkonen et al. (2002) Found temporal 
sources in an oddball experiment with both MEG and EEG. whereas 
preFrontal sources were only present in EEG. A more likely expla­
nation might be that the topography of auditory sources is charac­
terized by a widespread Fronto-central negativity in EEG but has a 
temporal distribution in MEG. 

Present results confirmed positive correlation coefficients For 
healthy controls and no relationship For patients. Both results seem 
counter-intuitive at first glance. For healthy controls. we may as­
sume that peripheral stimuli generate ERPs by reorganizing the 
phase spectra of existing ongoing activity and by increasing 
event-related signal power (Winterer et al.. 2000). Both processes 
may have occurred simultaneously in controls. as suggested by 
the positive correlation of resting-state and stimulus-related VI. 
[n this regard. both processes may have contributed to V[ and 
hence to a positive correlation of V[ and MMNm amplitude. Re­
duced phase-locking. as is often assumed to take place in schizo­
phrenia patients. may have resulted in a lack of correlation 
between the two measures as only signal power was increased 
without influencing phase locking. This indicates less phase spec­
tra reorganization oFthe ongoing activity. To illustrate this hypoth­
esis. the relationship between mean amplitude and VI was 
simulated For 2 healthy controls and 2 schizophrenia patients. 
including perFectly phase-locked responses across trials in healthy 
controls and poor inter-trial phase locking of responses in patients. 
As shown in Fig. 7. the relationship between higher mean ampli­
tude and lower V[ remained evident in healthy controls. similar 
to the results. Moreover. the lower mean amplitude and V[ of sub­
ject 1 compared to subject 2 led to a positive correlation between 
mean amplitude and VI. which also corresponds with the results. [n 
contrast. the equally low mean amplitude in both patients. despite 
a lower V[ in patient 1 than in patient 2. resulted in a correlation 
coefficient of mean amplitude and V[ around zero. This suggests 
an influence of the inter-trial phase locking to MMNm and VI. 
whereas MMNm and V[ remain independent of each other. 

The limitations of the present study must also be noted: the 
combination of deviants may limit the conclusions of the present 
results. However. the similarity of results For the diFFerent deviants. 
the similarity of correlation coefficients between V[ and MMNm 
and the Fact that other studies combining different deviants within 
one design confirmed MMN group diFFerences with only subtle diF­
ferential effects suggests that the present design did not substan­
tially affect the pattern of results. Gender differences have to be 
considered in the analysis of VI. as signal variability has been 
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Fig. 7. Modeling the interaction of MMNm amplitude and variability index (VI) by simulation for two healthy subjects (top left, row 1 and 2) and two schizophrenia patients 
(top right, row 1 and 2). Simulation was accomplished with cosine CUives. The Ilealthy controls show perfect inter·trial phase locking and the schizophrenia patients show 
very poor inter-trial phase locking. As a consequence, mean amplitude is larger in healthy controls than in patients. while VI is more pronounced in patients than in healthy 
controls. Simulation further shows that the VI for HC2 is higher than VI in HCl and the mean amplitude in HC2 is higher than the amplitude in HC1, which results in a positive 
correlation of amplitude and VI. For schizophrenia patients. the higher VI did not produce a change in the mean amplitude. and no correlation between amplitude and VI 
beca me evid ent. 
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reported to be lower in females than in males (Winterer et aI., 
2004). The asymmetric distribution of gender in the two samples 
(one female patient out of 20, seven female subjects out of 18 in 
the control group) prevented adequate control for a gender effect. 
A tendency towards differences in VI between male and female 
controls is in line with reported gender differences. However, if 
group differences in VI were mainly due to gender differences, low­
er VI in females should have reduced the VI in the control group. 
Since group differences were significant after excluding female 
subjects (one patient but seven controls) we may assume that they 
were substantially explained by the difference between schizo­
phrenia patients and controls. Clinical variables that may influence 
MMN in schizophrenia could not be fully controlled because of the 
small and selected (medication routine) sample. Although present 
results did not show a relationship between clinical variables and 
VI, this should be validated in larger samples, as the duration of 
an illness has been found to valY with MMN reduction (Naatanen 
and Kahkonen, 2009) and with the correlation between MMN and 
oscillatory activity (delta power in QEEG, «irino, 2007). 

In sum, smaller mean MMNm and augmented VI as a conse­
quence of higher response variability across time constitute fea­
tures related to schizophrenia. Both features seem independent, 
so that reduced mean MMNm amplitudes in schizophrenia pa­
tients cannot be explained primarily as a consequence of increased 
response variability. Instead, augmented VI and reduced MMNm 
may both reflect dysfunctions at a very early processing stage in 
schizophrenia. Augmented VI potentially reflects a greater variabil­
ity in the neural activation of representations related to one and 
the same physical stimulus. This could be due to generally dimin­
ished 'neurodynamical behavior of prefrontal cortex networks' 
(Rolls et aI., 2008 p. 696) or a weaker representational engram. 
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