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a b s t r a c t

Amplitude reduction of the oddball P3 wave is a well-replicated but non-specific finding of schizophrenia.
The time-frequency analysis of single-trial ERP data allows to specify in a reliable manner whether the
P3 reduction in schizophrenia is due to the decreased P3 response in single trials or due to the inter-
trial variability in the timing of the response. Since the delta response most strongly contributes to the
P3 amplitude, we focused to the low frequency range of the time-frequency transformed data. EEG was
recorded from chronic schizophrenia patients and matched healthy controls during a simple visual odd-
ball task. The wavelet transforms of the averaged ERP and the single trials were computed to investigate
the amplitudes of the evoked (phase-locked) and total (phase-locked + non-phase-locked) delta (1–3 Hz)
responses, respectively. Evoked delta activity and P3 amplitude to target stimuli were both reduced sig-
nificantly in patients with schizophrenia, whereas no such difference was obtained for the total delta
activity. The significant reduction of the evoked delta response and the absence of such a difference in the
total delta response of schizophrenia patients reveals that the delta band response is weakly phase-locked
to stimulus in schizophrenia. This result suggests that the reduced P3 amplitudes in the averaged ERPs
of schizophrenia patients result from a temporal jitter in the activation of neural circuits engaged in P3
generation.

© 2008 Elsevier Ireland Ltd. All rights reserved.

Impairments of working memory and attention have been widely
considered as crucial cognitive deficits in schizophrenia [3,14,27]
and were associated with the functional outcome in this disease
[15]. Event-related potentials (ERPs) time-locked to stimuli pre-
sented within the context of a cognitive task have been a common
tool for investigating the substrates of mental processes and their
disorders. The best known cognitive ERP component is the P3,
which is a positive deflection with a parietal maximum occurring
about 300–500 ms post-stimulus during target detection in an odd-
ball task [23]. Reduction of the P3 amplitude is one of the most
robust biological abnormalities found to reflect impaired attention
and working memory capacity in schizophrenia [4,20], which is
however not specific for this disease [22].

ERP P3 is based on averaging [31] and averaging neglects certain
aspects of the data. In contrast, single trial analysis considers trial
by trial variability of the electrophysiological response to a stim-
ulus, hence reflects the fluctuating nature of the cognitive state of
a subject during an experiment [16]. Only a few groups have ana-
lyzed P3 reduction in schizophrenia by the single trial approach.
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One of them reported that fewer trials with P3 results in amplitude
reduction of the averaged ERP in schizophrenia [24]. Another group
emphasized that besides fewer occurrence of P3 in single-trials,
amplitude reductions, as well as a more variable P3 latency across
the trials accounted for the smaller amplitude of the averaged ERP
[10].

Analysis of the event-related oscillatory EEG activity, known
as event-related oscillations (EROs), has become an important
approach in understanding the dynamics of neural assemblies [1,2].
Wavelet transform, which optimizes the time-frequency represen-
tation of an ERP, is a powerful method for decomposing ERPs into
oscillatory components hypothesized to be generated by differ-
ent neural structures operating within different frequency ranges
[7,25]. Several effects missing in the time domain but reflecting dis-
tinct functional aspects of a cognitive process could be revealed by
this technique.

Delta band (1-3 Hz) response has been proven to be the most
pronounced time-frequency component correlating with the P3
wave [7], such that the presence of P3 in single-trial ERPs can be
efficiently detected by using a criterion based on the wavelet coef-
ficients in the delta frequency range [8]. Recent studies on EROs in
schizophrenia mostly concerned modulations in the gamma band
activity [3,17,21]. Based on these findings, modern approaches sug-
gest that the cognitive impairment in patients with schizophrenia
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could be related to the disrupted integrative functions of local and
distributed neural circuits, i.e. binding errors in the integration of
cognitive domains [12,33]. Slow oscillatory components, shown
to reflect long-range interactions of large-scale networks [26,32],
however, have been rarely studied in schizophrenia [19]. Since the
core cognitive domains affected in schizophrenia are the atten-
tion and working memory systems that involve the activation of
large-scale networks, we assume that slow oscillations in the delta
frequency range would show informative changes in schizophre-
nia. When the magnitudes of the time-frequency transform of each
single trial are averaged, all the signal change in the post-stimulus
period, often called total activity is captured regardless of phase-
locking to the stimulus, whereas computing the wavelet transform
of the averaged ERP represents only components that are phase-
locked to the event, called evoked activity.

As P3 reduction is a solid but not a specific feature of schizophre-
nia, further characterization of this effect is needed. Carrying out
single-trial analysis in the time-frequency plane may provide fur-
ther information on P3 changes that are more specific to this
disorder. Therefore, we tested several explanations for amplitude
reduction of the P3 in the averaged ERP. In case of consistently low
amplitudes in all single trials or normal amplitudes in a subset of
single trials and attenuated waves in the others, delta response
would decrease independent of the phase-locking effect, which
means that both evoked and total delta responses would decrease.
However, in case of a higher latency jitter among trials, the evoked
delta response would decrease in line with the averaged P3 ampli-
tude, whereas the total delta response might remain similar to that
of the control group.

In the present study, our aim was to compare both evoked and
total delta activities in schizophrenic patients and their matched
controls in order to determine the mechanism of P3 reduction in
schizophrenia more precisely.

Ten outpatients with chronic schizophrenia with a mean age
of 31.5 (±8.5) diagnosed according to DSM-IV and 10 healthy
controls with a mean age of 27.4 (±3.5), matched for gender (8
men/2 women) and with comparable education period (16 ± 4.16
vs. 17.8 ± 2.09 years) participated in the study. Mean duration
of illness was 6.7 years. The data from one male patient were
excluded because of excessive movement and electro-oculogram
(EOG) artifacts. All patients were in remission, receiving medica-
tion including atypical and classical neuroleptics. Psychopathologic
signs were measured by the Scale for the Assessment of Nega-
tive Symptoms (SANS) and the Scale for the Assessment of Positive
Symptoms (SAPS). The average SANS score of the patients was 10.5
(±3.29), whereas the SAPS score was 4.25 (±2.96). So, our patients
showed predominantly negative symptoms. All participants were
right-handed, had normal or corrected-to-normal vision, and gave
informed consent.

A visual oddball paradigm with checkerboard stimuli was
recruited as the cognitive task. Stimuli were presented on a com-
puter screen with subjects seated 1.5 m in front of the monitor. They
were instructed to mentally count the trials when the centrally
located green circle’s place was changed as the pattern is reversed.
Green circle’s radius was 25′, checks’ sizes were 50′, and circle was
shifted 25′ in terms of visual angle. Inter-stimulus interval was ran-
domized between 2.5 and 3 s, and target probability was 25% within
150 trials (38 targets).

The EEG was recorded from F3, F4, C3, C4, P3, P4, O1, O2, T3, T4,
T5 and T6 with a band pass filter of 0.1–70 Hz. Sampling rate was
512 Hz. Linked earlobes were used as the reference. The electro-
oculogram (EOG) was recorded bipolarly between the electrodes
placed above and on the right canthus of the right eye for moni-
toring the ocular artifacts. Data were processed in 2 s event-related
epochs (1 s pre-stimulus/1 s post-stimulus). Epochs contaminated

by eye or other artifacts were manually rejected. For each subject,
approximately 30 epochs of target and standard presentations were
randomly selected for further analyses in order to keep the S/N ratio
at a comparable level across conditions and subjects. Epochs were
baseline corrected to pre-stimulus 200 ms. Amplitude and latency
of the positive maximum in the post-stimulus interval between 300
and 800 ms (P3 component) was measured in data digitally filtered
at 0.1–10 Hz.

For the analysis of oscillatory activity, a continuous WT with
complex Morlet wavelets of 3 cycles was applied both on single
trials and on averaged ERPs. The absolute values of WT magni-
tudes of single trials were subsequently averaged to obtain the
total oscillatory activity, which includes signal components that are
phase-locked and non-phase-locked to the stimulus, whereas mag-
nitudes of the WT of the averaged ERP were computed to obtain
the evoked activity that reflects only phase-locked signal compo-
nents. WT magnitude within the time interval between −300 and
−100 ms preceding the stimulus was used to estimate the baseline
activity. Evoked and total delta (1–3 Hz) responses were evalu-
ated by measuring the mean amplitudes of this frequency range
in the post-stimulus time window between 300 and 800 ms on the
wavelet-transformed data.

Accuracy in mental count was analyzed by an independent
samples t-test. Eight electrodes (F3, F4, C3, C4, P3, P4, O1 and
O2) were included into the statistical analyses. Repeated mea-
sures analyses of variance (ANOVAs) with one between-subjects

Fig. 1. Grand-average ERPs to standard (left column) and target stimuli (right col-
umn) from healthy controls (thick lines, N = 10) and schizophrenics (thin lines, N = 9)
(F: frontal; C: central; P: parietal; O: occipital).
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factor (group: schizophrenia, control subjects) and two within-
subject factors (antero-posterior distribution: frontal, central,
parietal, occipital and lateral distribution: left vs. right) were used.
Greenhouse–Geisser correction was applied to the degrees of free-
dom, when the repeated measure factor contained more than two
levels. Only corrected probability values are reported.

Although the schizophrenia patients performed slightly worse
than the controls in terms of accurately detected number of tar-
get stimuli, the difference did not reach statistical significance
(t(17) = 2.06, p = 0.054).

Fig. 1 presents the ERP grand-averages of the standard and target
stimuli in schizophrenia patients and healthy controls. The tar-
get P3 amplitude was overall significantly reduced in patients (F(1,
17) = 4.64, p = 0.046), whereas the positive peak amplitude in the P3
latency range of the ERPs to standard stimuli was not significantly
reduced (F(1, 17) = 2.55, p = 0.128). The antero-posterior distribution
of the target P3 also differed between the groups. Control sub-
jects displayed the typical P3 distribution with a parietal maximum,
whereas the patients had a P3 with a central maximum, indicated
by a significant antero-posterior distribution × group effect (F(3,
51) = 3.52, p = 0.05). The P3 seemed to peak slightly later in patients,
however this effect did not reach significance neither for the tar-
get (F(1, 17) = 4.00, p = 0.062) nor for the standard (F(1, 17) = 0.005,
p = 0.94) ERPs.

Although the amplitude difference was statistically significant
only for the target P3s, we included both the EEG responses to
target and standard stimuli in the time-frequency analyses. In the
time-frequency plane the delta band showed the most pronounced
effect. As the parietal channels display the effect most clearly, time-
frequency data from parietal electrodes are illustrated in Fig. 2.
Fig. 2a and b presents the grand-average wavelet transforms of the
evoked and total activities obtained in response to standard and
target stimuli.

To quantitatively analyze the time-frequency transforms, mean
amplitudes of the delta responses were calculated for the time-
frequency window of 300–800 ms and 1–3 Hz, where the peaks
of the delta responses were commonly located. A clear difference
between the control group and the patients could only be observed
for the evoked delta response to targets (F(1, 17) = 6.38, p = 0.022).
The evoked (F(1, 17) = 0.008, p = 0.929) and total delta responses
(F(1, 17) = 0.492, p = 0.493) to standard stimuli, and the total delta
response to target stimuli (F(1, 17) = 1.39, p = 0.255) did not show
significant differences between the control and schizophrenic sub-
jects. Fig. 3 shows the time courses of evoked and total delta
responses to targets. The most prominent difference in the evoked
delta response between the control and schizophrenia groups was
observed in the parietal region, but this topography effect was sta-
tistically non-significant.

Although most studies have reported that the auditory rather
than visual P3 is reduced in schizophrenia [11], there are several
studies that also report a reduced P3 in visual target detection
[5,28,29]. Reduced P3 to visual targets in schizophrenia was repli-
cated in our study. Additionally, the typical topography of the P3
was changed in the patient group, which displayed a central rather
than a parietal P3 maximum.

In the present study, P3 reduction during a visual oddball
paradigm was examined by transforming the data to the time-
frequency plane in order to further investigate the mechanism
of this ERP effect in schizophrenia. The formalism of the time-
frequency transform allows us to easily and efficiently determine
the evoked (phase-locked) vs. total (phase-locked + non-phase-
locked) activities within the ERPs by transforming either the
averaged ERP onto the time-frequency plane or by averaging the
magnitudes of the time-frequency transformed single ERP trials.
Therefore, the wavelet transformed data reveals clearly, whether
an effect in the averaged ERP is due to latency jitter among single

Fig. 2. Grand-average time-frequency plots of evoked (a), and total activity (b) in parietal region (P3 and P4 electrodes are averaged) of control subjects and schizophrenia
patients in response to standard and target stimuli of the visual oddball paradigm. Frequency axis is displayed in logarithmic scale.
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Fig. 3. Grand-average time courses of evoked (a) and total delta responses (b) to
target stimuli from control subjects (thick lines) and schizophrenia patients (thin
lines) (F: frontal; C: central; P: parietal; O: occipital). Vertical lines indicate the time
window of mean amplitude measurement.

trials or due to a consistent change of the amplitudes in all sin-
gle trials. For this reason, the delta response in the time-frequency
transformed data, which is the strongest contributor to the P3 wave,
was analyzed instead of using less efficient single-trial analysis
approaches in the time-domain.

Here, we investigated whether the P3 reduction can be
explained by (1) consistently low amplitudes in all trials, (2) nor-
mal amplitudes in a subset of single trials and attenuated or absent
waves in others, and (3) a higher latency jitter among trials lead-
ing to reduced amplitudes in the averaged response. Our results
on the delta response, the strongest time-frequency component of
the P3 wave [7,8], showed that evoked delta, which is sensitive to
phase-locking, was lower in patients with schizophrenia. In con-
trast, no significant difference between healthy controls and patient
group was observed in the total delta activity, which is sensitive
to amplitude modulations that are not phase-locked to the event.
Therefore, the third explanation mentioned above, i.e. the higher
latency jitter among single trials is plausible for the P3 reduction
in schizophrenia. In both other cases, the total delta activity should
also be reduced.

Whereas the enhancement of single-trial delta amplitudes after
a stimulus might reflect the synchronous activation of a larger neu-
ral assembly compared to baseline, precise phase-locking of ERO to
the stimulus may reflect the activation of neural networks exactly at
the right time point within the required sequence of neural process-

ing [9]. Therefore, a possible explanation of our findings could be a
looser organization of the activation timing of neural assemblies
responsible of the P3 generation rather than their lower activa-
tion in schizophrenics. As slower oscillations are considered to be
related to the long-range interactions in large-scale networks [32],
our results in line with few other studies on changes of slower
oscillations in schizophrenia [19,27] suggest that impaired tim-
ing of long-range interactions might contribute to the pathological
process.

Previous studies suggested that the combination of fewer trials
with a P3, a latency jitter among trials and consistently lower P3
amplitudes through all trials [10] or a combination of lower single-
trial P3 amplitudes and fewer number of single-trials with a P3
[24] were responsible of the lower P3 amplitudes in schizophre-
nia. Two likely explanations for the different results of our study
are the different sensory modalities and methodological differ-
ences. The other two studies employed auditory oddball paradigm
and used either a template fitting procedure [10] or amplitude
density functions [24] in the time domain for detecting P3 in
single trials, while we employed a visual oddball paradigm and
compared amplitudes of the evoked vs. total delta activity in
the time-frequency plane. The mechanism of the P3 reduction in
schizophrenia might be different for the visual modality, which
was not studied before in the single-trial level. On the other
hand, the methodological difference may also play an important
role in the different results. Both earlier approaches classified
single-trials with and without a P3 based on the assumption,
that an amplitude threshold at either a fixed time interval or
of a positive deflection of the signal, which fits to a 2 Hz half-
sine wave template, would reliably detect the single-trial P3. The
wavelet transform is a more sophisticated method to reflect the
P3 related signal components on the time-frequency plane using
all single-trials without an assumption related with a measure
to detect the presence of P3 in any trial. Therefore, we believe
that present results are more robust compared with the previous
reports.

An important point to consider is that our results might repre-
sent mostly patients with negative symptomatology, as our patient
group mainly displayed negative symptoms. With a larger group of
subjects, possible correlations of the decrease of the delta phase-
locking with the symptomatology could be tested. Another possible
confounding factor could be pharmacological treatment of the
patients. However, many studies reported that cognitive deficits
are attributable to schizophrenia itself rather than medication
[6,13,18,30].

In conclusion, evoked delta activity and P3 amplitude, which
are both measures of the averaged ERP response, were significantly
reduced in the visual oddball ERPs of patients with schizophrenia.
However, total delta power, which is mostly sensitive to ampli-
tude changes, and insensitive to the sharp timing of delta band
activity, did not differ between patients and healthy controls.
This dichotomy between evoked and total power implies weakly
phase-locked delta responses during visual target detection in
schizophrenia. Consequently, our results indicate that, higher vari-
ability in latencies across single trials, rather than the attenuation
of delta oscillations and P3 component in each single trial, accounts
for the lower P3 amplitude in the visual ERPs of schizophrenia
patients.
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[7] T. Demiralp, A. Ademoglu, M. Schürmann, C. Basar-Eroglu, E. Basar, Detection
of P300 waves in single trials by the wavelet transform (WT), Brain Lang. 66
(1999) 108–128.

[8] T. Demiralp, J. Yordanova, V. Kolev, A. Ademoglu, M. Devrim, V.J. Samar, Time-
frequency analysis of single-sweep event-related potentials by means of fast
wavelet transform, Brain Lang. 66 (1999) 129–145.

[9] J. Fell, Cognitive neurophysiology: beyond averaging, Neuroimage 37 (2007)
1069–1072.

[10] J.M. Ford, P. White, K.O. Lim, A. Pfefferbaum, Schizophrenics have fewer and
smaller P300s: a single-trial analysis, Biol. Psychiatry 35 (1994) 96–103.

[11] J.M. Ford, Schizophrenia: the broken P300 and beyond, Psychophysiology 36
(1999) 667–682.

[12] K.J. Friston, C.D. Frith, Schizophrenia: a disconnection syndrome? Clin. Neu-
rosci. 3 (1995) 89–97.

[13] T.E. Goldberg, R.D. Greenberg, S.J. Griffin, J.M. Gold, J.E. Kleinman, D. Pickar,
S.C. Schulz, D.R. Weinberger, The effects of clozapine on cognition and psy-
chiatric symptoms in patients with schizophrenia, Br. J. Psychiatry 162 (1993)
43–48.

[14] T.E. Goldberg, J.M. Gold, Neurocognitive functioning in patients with
schizophrenia: an overview, in: F.E. Bloom (Ed.), Psychopharmacology: The
Fourth Generation of Progress, Raven Press, New York, 1995, pp. 1245–1257.

[15] M.F. Green, R.S. Kern, R.K. Heaton, Longitudinal studies of cognition and func-
tional outcome in schizophrenia: implications for MATRICS, Schizophr. Res. 72
(2004) 41–51.

[16] A.R. Haig, E. Gordon, G. Rogers, J. Anderson, Classification of single-trial ERP
sub-types: application of globally optimal vector quantization using simulated
annealing, Electroencephalogr. Clin. Neurophysiol. 94 (1995) 288–297.

[17] C.S. Herrmann, T. Demiralp, Human EEG gamma oscillations in neuropsychi-
atric disorders, Clin. Neurophysiol. 116 (2005) 2719–2733.

[18] G.D. Honey, E.T. Bullmore, W. Soni, M. Varatheesan, S.C. Willialms, T. Sharma,
Differences in frontal cortical activation by a working memory task after
substitution of risperidone for typical antipsychotic drugs in patients with
schizophrenia, Proc. Natl. Acad. Sci. U.S.A. 96 (1999) 13432–13437.

[19] B.H. Jansen, A. Hegde, N.N. Boutros, Contribution of different EEG frequencies to
auditory evoked potential abnormalities in schizophrenia, Clin. Neurophysiol.
115 (2003) 523–533.

[20] Y.W. Jeon, J. Polich, Meta-analysis of P300 and schizophrenia: patients,
paradigms, and practical implications, Psychophysiology 40 (2003) 684–701.

[21] K.H. Lee, L.M. Williams, M. Breakspear, E. Gordon, Synchronous gamma activity:
a review and contribution to an integrative neuroscience model of schizophre-
nia, Brain Res. Rev. 41 (2003) 57–78.

[22] J. Polich, K.L. Herbst, P300 as a clinical assay: rationale, evaluation, and findings,
Int. J. Psychophysiol. 38 (2000) 3–19.

[23] J. Polich, Updating P300: an integrative theory of P3a and P3b, Clin. Neurophys-
iol. 118 (2007) 2128–2148.

[24] J. Roschke, P. Wagner, K. Mann, J. Fell, M. Grozinger, C. Frank, Single trial anal-
ysis of event related potentials: a comparison between schizophrenics and
depressives, Biol. Psychiatry 40 (1996) 844–852.

[25] V.J. Samar, K.P. Swartz, M.R. Raghuveer, Multiresolution analysis of event-
related potentials by wavelet decomposition, Brain Cogn. 27 (1995) 398–438.

[26] W.G. Sannita, F. Bandini, M. Beelke, F. De Carli, S. Carozzo, D. Gesino, L. Mazzella,
C. Ogliastro, L. Narici, Time dynamics of stimulus- and event-related gamma
band activity: contrast-VEPs and the visual P300 in man, Clin. Neurophysiol.
112 (2001) 2241–2249.

[27] C. Schmiedt, A. Brand, H. Hildebrandt, C. Basar-Eroglu, Event-related theta
oscillations during working memory tasks in patients with schizophrenia and
healthy controls, Brain Res. Cogn. Brain Res. 25 (2005) 936–947.

[28] S.R. Sponheim, K.A. McGuire, J.J. Stanwyck, Neural anomalies during sustained
attention in first-degree biological relatives of schizophrenia patients, Biol.
Psychiatry 60 (2006) 242–252.

[29] R. Strandburg, J. Marsh, W. Brown, R. Asarnow, D. Guthrie, J. Higa, C. Yee-
Bradbury, K. Nuechterlein, Reduced attention related negative potentials in
schizophrenic adults, Psychophysiology 31 (1994) 272–281.

[30] T.A. Stuve, L. Friedman, J.A. Jesberger, G.C. Gilmore, M.E. Strauss, H.Y. Meltzer,
The relationship between smooth pursuit performance, motor perception and
sustained visual attention in patients with schizophrenia and normal controls,
Psychol. Med. 27 (1997) 143–152.

[31] S. Sutton, M. Braren, J. Zubin, E. John, Evoked potential correlates of stimulus
uncertainty, Science 150 (1965) 1187–1188.

[32] A. von Stein, J. Sarnthein, Different frequencies for different scales of cortical
integration: from local gamma to long range alpha/theta synchronization, Int.
J. Psychophysiol. 38 (2000) 301–313.

[33] M. Whittington, H.J. Faulkner, H.C. Doheny, R.D. Traub, Neuronal fast oscillations
as a target site for psychoactive drugs, Pharmacol. Ther. 86 (2000) 171–190.


