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Introduction: Little is known about the relationship between gamma-band oscillations prior to the arrival of a
target stimulus and subsequent sensory processing and response execution. Although schizophrenia has
been associated with abnormalities in gamma-band oscillations, P300, and reaction time (RT), few studies
have examined the possible correspondence between these three neurobiological and behavioral markers in
schizophrenia. To characterize the relationship between preparatory processes, information processing, and
subsequent behavioral performance in schizophrenia, the present study investigated the relationships
between pre-stimulus gamma-band power, RT and P300 amplitude.
Methods: EEG and behavioral data were collected from 18 schizophrenia patients and 21 healthy controls
during a conventional auditory oddball task.
Results: In controls, single-trial pre-stimulus gamma power was positively correlated with RT, and average
P300 amplitude was positively correlated with average pre-stimulus gamma power.

Discussion: We interpret these findings as evidence that gamma power enhancement reflects a state of
greater pre-stimulus preparation resulting in fuller evaluation of the target stimulus and therefore slower RT,
as proposed by Jokeit and Makeig (1994). Consistent with previous research, schizophrenia patients
exhibited RT slowing and P300 amplitude reductions relative to controls. Importantly, neither RT nor P300
amplitude was related to pre-stimulus gamma power in schizophrenia, suggesting a breakdown in the
preparatory brain state critical for stimulus processing and later motor execution. The present findings
underscore the behavioral significance of gamma-band responses, and provide an additional link between
gamma-band oscillations and information processing abnormalities in schizophrenia.

© 2010 Elsevier B.V. All rights reserved.
1. Introduction

Neural oscillations are a prominent property of neuronal activity
that convey information between populations of cells. Neural
oscillations arising from synchronous firing of large populations of
neurons are seen at the scalp as electroencephalogram (EEG). The EEG
signal can be quantified in a number of ways, but it is often
decomposed into frequencies in overlapping time windows, using
time–frequency analyses. Of particular interest to neuroscientists
is the power of the signal, calculated from ensemble averages
(evoked power) or from single trials (total power), which is phase-
asynchronous with respect to the onset of an event (see Roach and
Mathalon (2008) for a fuller description of themethods for calculating
each). In addition to measures of EEG power, phase-locking factor
(Tallon-Baudry et al., 1997) or inter-trial phase coherence (Makeig
University of California, 4150
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et al., 2004) describes the consistency of the phase angles (indepen-
dent of magnitude information) across trials for each time point and
frequency bin with respect to the onset of an event. Overall, these
EEG time–frequency measures describe different qualities of network
oscillations and their synchronization, and often relate to different
aspects of neural information processing.

One neuro-oscillatory rhythm that shows particularly strong
perceptual and cognitive correlates is the 30–100 Hz gamma rhythm
(Herrmann et al., 2010 for review). Gamma activity has been most
widely associated with top–down attentional processing and object
perception (Debener et al., 2003; Gruber and Müller, 2005; Keil et al.,
1999; Rodriguez et al., 1999; Singer, 1993; Singer and Gray, 1995;
Tallon-Baudry et al., 1997; Tiitinen et al., 1993; vonderMalsburg, 1986),
but it has also been implicated in a variety of other tasks. For example,
mechanisms of bottom-up attention modulate gamma oscillations
(Engel et al., 2001), such as spatial (Fries et al., 2001), feature-based
(Vidal et al., 2006), and object-based (Tallon-Baudry et al., 2005)
attention. Gamma activity has also been demonstrated to increase
during a delayed visual matching-to-sample task (Tallon-Baudry and
Bertrand, 1999; Tallon-Baudry et al., 2005; Tallon-Baudry et al., 1998)
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and with memory load in working memory tasks (Howard et al., 2003;
Jokisch and Jensen, 2007; Medendorp et al., 2007).

A recent focus in the rapidly advancing literature on human
gamma-band activity has been on the behavioral relevance of gamma
oscillations. These studies have been primarily concerned with the
stages of information processing following the onset of a stimulus,
highlighting the role of greater gamma power for faster responses as
measured by reaction time (RT) (Frund et al., 2007; Jokeit andMakeig,
1994; Schadow et al., 2009) and enhanced performance efficiency as
measured by response accuracy (Kaiser et al., 2008a,b). Robust
correlations have also been shown between shorter post-stimulus
gamma-band peak latency and faster RT in auditory oddball (Haig
et al., 1999; Jokeit and Makeig, 1994), and early and late visual Gestalt
pattern processing (Schadow et al., 2009), as well as predicting
recognition delays in object identification tasks (Martinovic et al.,
2007, 2008). Evidence from the non-human primate literature
further supports the view that greater post-stimulus gamma oscilla-
tions and shortened neuronal response latenciesmay be advantageous
for faster information processing and classification processes (e.g.
(Womelsdorf et al., 2006)). Together these findings suggest that the
magnitude, phase, and latency of post-stimulus gamma oscillations
reveal important information about the temporal relations in the
activities of neural assemblies during the integration of sensory data to
ultimately trigger adaptive motor behavior (Herrmann et al., 2010).

An extensive database is now emerging on gamma oscillatory
activity during the stages of information processing immediately
preceding onset of a stimulus, whichmay be important for controlling
the flow of sensorimotor information by various top–down factors,
such as selective attention, anticipation and event prediction prior to
behaviorally relevant stimuli (Engel et al., 2001; Liang et al., 2002).
Enhanced pre-stimulus gamma activity has been shown to be
predictive of response speed (Gonzalez Andino et al., 2005; Schoffelen
et al., 2005; Womelsdorf et al., 2006), and modulated by the measure
of stimulus predictability (Gross et al., 2006; Kilner et al., 2005;
Schoffelen et al., 2005; Summerfield andMangels, 2006) or the type of
warning cue information (Fan et al., 2007; Landau et al., 2007). More
recently, greater pre-stimulus gamma activity has been shown to
support task performance efficiency (Kaiser et al., 2009), and
perceptual performance in both auditory (Sadaghiani et al., 2009)
and visual modalities (Hanslmayr et al., 2007). Pre-stimulus gamma-
band oscillations therefore appear to represent an efficient mecha-
nism establishing a brain state through which the processing of an
approaching stimulus is facilitated.

Although some relationships have been demonstrated between
pre-stimulus gamma activity and performance speed in healthy
humans (Gonzalez Andino et al., 2005; Jokeit and Makeig, 1994;
Yordanova et al., 2001) and non-human primates (Womelsdorf et al.,
2006), no such studies have addressed these relationships in patients
with schizophrenia, despite the contribution such analyses could
make to our understanding of the illness. For example, because neural
information processing is an interaction between incoming data and
the transitory brain state (which might include dimensions such as
arousal, emotion, and attention), the study of brain states preceding
stimulus onset might target the seed point of abnormal processing in
schizophrenia and account for a range of experiments where
behavioral and ERP abnormalities have been observed in schizophre-
nia patients. Moreover, schizophrenia symptoms are often character-
ized as intermittent and spontaneously occurring. Therefore,
examination of gamma fluctuations in ongoing neural activity and
their relationship to behavior may provide insight into the psycho-
pathology of schizophrenia (Lawrie et al., 2004).

Gamma oscillations and synchrony have been leading candidate
mechanisms proposed to accomplish successful integration across
functional brain networks in healthy subjects, and are notably
impaired in schizophrenia. Abnormal post-stimulus gamma-band
responses in patients are evident in tasks engaging different cognitive
functions, such as feature binding (Spencer et al., 2003), working
memory (Basar-Eroglu et al., 2007), and attention (Gallinat et al.,
2004), as well as motor execution (Ford et al., 2008a), and early visual
(Spencer et al., 2008; Uhlhaas et al., 2006) and auditory (Roach and
Mathalon, 2008) processing. For this reason, it is plausible to assume
that dysfunctional gamma oscillations in schizophrenia will influence
the relationship between the pre-stimulus gamma activity underlying
the momentary brain state and subsequent behavior.

The aim of the present study was to characterize the relationships
between the preparatory brain state, subsequent sensory processing,
and ultimately, response execution in schizophrenia. The association
between the preparatory brain state andmotor behavior was assessed
by examining pre-stimulus gamma power and RT on a trial-by-trial
basis, which allowed us to directly assess the relationship between
moment-to-moment fluctuations in gamma power and RT, within
individual subjects. In the growing literature on the behavioral
correlates of EEG oscillations, gamma activity has been quantified
with different measures, such as inter-trial phase coherence (e.g.
(Frund et al., 2007)), evoked power (e.g. (Debener et al., 2003; Frund
et al., 2007)), or phase-asynchronous increases or decreases in EEG
total power (e.g. (Cho et al., 2006; Jokeit and Makeig, 1994)).
However, given our aim to study state-related activity preceding the
stimulus, it was important for us to focus on the changes in
asynchronous power rather than stimulus-evoked activity as done
by others (e.g. (Mazaheri et al., 2009)). RT, a crucial behavioral
assessment of the overall efficacy of sensorimotor processing, was
also well suited for the present study given its prior link to gamma-
range oscillations in healthy participants. Furthermore, RT slowing is a
hallmark of schizophrenia and has been called the “closest thing
schizophrenia research has to a North Star” (Nuechterlein, 1977).

Analysis of the correspondence betweenmean pre-stimulus gamma
power and the P300 component amplitude of the ERP was also
conducted to assess whether gamma power was linked to downstream
stimulus processing. P300, a positive voltage deflection in the ERP
occurring approximately 300 ms after stimulus onset, reflects neuro-
physiological activity associated with processing infrequent target,
novel, or otherwise salient stimuli. P300 amplitude is thought to
reflect attentional resource allocation (Isreal et al., 1980; Kramer and
Strayer, 1988; Polich, 1989), phasic attentional shifts (Soltani and
Knight, 2000), workingmemory updating of stimulus context (Donchin
and Coles, 1988; Johnson, 1986), or stimulus salience (Sutton et al.,
1965, 1967). Its latency is thought to reflect processing speed or
efficiency during stimulus evaluation (Duncan-Johnson and Donchin,
1977). Furthermore, like RT prolongation, P300 amplitude reduction is
one of the most replicated neurobiological abnormalities observed in
schizophrenia (Jeon and Polich, 2003). Although no studies have
examined pre-stimulus gamma activity associated with P300 ampli-
tude, post-stimulus gamma power increases (Lee et al., 2007) and
decreases (Fell et al., 1997; Marshall et al., 1996) have been observed
following a target stimulus in auditory oddball tasks. Despite a strong
positive correlation between P300 amplitude and gamma activity
following target tone onset in controls (Ford et al., 2008b; Gallinat et al.,
2004; Haig et al., 2000) no such relationship has been found in patients
with schizophrenia.

Accordingly, we tested the following primary hypotheses: patients
will exhibit smaller P300 amplitude and slower RT relative to healthy
subjects, consistent with findings from the schizophrenia literature
(Bramon et al., 2004; Ford, 1999; Pritchard, 1986; Steffy andWaldman,
1993). Healthy subjects will show a positive relationship between pre-
stimulus gamma power and RT, also consistent with prior reports
utilizing auditory target detection paradigms (Jokeit and Makeig,
1994; Yordanova et al., 2001). Additionally, healthy subjects will
exhibit a positive correlation between pre-stimulus gamma power
and P300 amplitude, reflecting the role of gamma oscillations during
states of attention and expectancy (Engel et al., 2001; Tallon-Baudry
et al., 2005). In contrast, both of these correlations were predicted to be
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absent in patients with schizophrenia based on prior reports of
abnormal gamma neural activity in schizophrenia (Herrmann and
Demiralp, 2005; Lee et al., 2003; Uhlhaas et al., 2009; Uhlhaas and
Singer, 2006). It is likely that inter-relationships among these variables
(pre-stimulus gamma power, RT, and P300) will reveal important
aspects about the regulation of information processing in the brain and
its dysregulation in schizophrenia.

2. Methods

2.1. Subjects

All study procedures were approved by the Human Subjects
Subcommittee of the Veterans Affairs Healthcare System (VAHS) in
West Haven, CT, and the Human Investigations Committee of Yale
University School of Medicine in New Haven, CT. 23 healthy controls
(HC) (5 female) and 19 schizophrenia patients (SZ) (3 female)
matched for age and parental socioeconomic status participated in the
study. All subjects were right-handed. HC were recruited from the
community and did not meet criteria for a DSM-IV psychiatric or
substance abuse diagnosis (First et al., 1995). SZ were on stable,
therapeutic doses of antipsychotic medications, met DSM-IV criteria
for schizophrenia or schizoaffective disorder, but did not meet for
alcohol or drug abuse within 30 days before the study. Benzodiaze-
pine treatment was also an exclusion criterion based on its potential
impact on another measure of interest in this study, to be reported
elsewhere. All subjects with a hearing deficit greater than 30 dB in
both ears, significant head injury (loss of consciousness of N15 min),
or other medical problems endangering the CNS were excluded.

One patient was unable to perform the task and dropped from
further analysis. One non-native English-speaking control who did
not fully comprehend the task instructions had RT outlier values (N2
SDs), and another control was an outlier in the time–frequency
domain (N3 SDs). Both subjects were also removed from the sample.
Demographic and clinical data from the remaining 21 HC and 18 SZ
are summarized in Table 1. Symptom ratings were averaged across
two independent raters attending the same rating session, using the
Scale for the Assessment of Negative Symptoms (SANS) (Andreasen,
1983), and the Scale for the Assessment of Positive Symptoms (SAPS)
(Andreasen, 1984).

2.2. Stimuli and experimental procedures

Each block of trials consisted of 90 standard (1000 Hz sinusoidal
tone) and 10 target (500 Hz sinusoidal tone) stimuli, which were
generated using STIM2 digital sound editing software v4.0 (Compu-
Table 1
Demographic information.

Healthy controls
(N=21)

Schizophrenia patients
(N=18)

Age (years±SD, min, max) 36.5±13.9, 21, 64 39.9±13.8, 21, 62
Gender 16M, 5F 15M, 3F
Education (years±SD) 16.1±3.1 13.2±1.3
Parental SES (score±SD) 34.1±14.5 37.0±16.9
Illness duration
(years±SD, min, max)

15.8±11.7, 1, 39

PANSS total 56.9±10.2
PANSS negative 14.7±8.5
PANSS positive 13.7±8.3
PANSS general psychopathology 28.6±15.2
Diagnosis 9 Paranoid

3 Undifferentiated
3 Schizoaffective
2 Residual
1 Psychosis not
otherwise specified
medics Neuroscan, El Paso, TX) and housed in a Pentium® 4 CPU
3.00 GHz PC. Subjects were instructed to fixate on a central cross-
hair, and respond with a button-press with their right index finger to
the target stimulus only, giving equal importance to speed and
accuracy. The same 5 pseudo-random sequences were presented to
all subjects with the constraint that standards appear 90% and targets
appear 10% per testing block. All stimuli (50 ms duration) were
randomly jittered between 1067 and 1333 ms (average SOA of
1200 ms). Auditory stimuli were digitally created using a sine wave
function with a 44.1 kHz digitization rate. Each tone was passed
through a Hanning window, which shaped a 0.5 ms rise and fall time
to the waveform. Additionally, each tone was set to a 70 dB sound
pressure level, and routed to subjects through STIM 10 Ω insert
earphones with foam ear tips (ER-3A: Compumedics NeuroMedical
Supplies, Charlotte, NC). All stimuli were delivered and experimen-
tally controlled using Presentation software v10.3 (Neurobehavioral
Systems, Inc. Albany, CA).

2.3. EEG data acquisition

EEG data were acquired continuously (0.05–200 Hz band-pass
filter, 1000 Hz digitization rate) from 29 Ag/AgCl ring electrodes,
including 7 midline (Fz, FCz, Cz, CPz, Pz, POz, and Oz), and 11 lateral
pairs (F3/4, C3/4, C7/8, CP3/4, CP5/6, P3/4, P5/6, P7/8, PO3/4, PO7/8,
and PO9/10), arrayed according to an extended 10–20 system with a
linked mastoid reference and a fronto-central (FPz) ground. Bipolar
vertical and horizontal electro-oculogram was recorded from electro-
des placed above and below the right orbit, and at the outer canthi of
the eyes, respectively. Electrode impedances were b10 kΩ. Off-line,
concatenation of all 5 oddball testing blocks was performed for each
group.

2.4. ERP data analysis

EEG data were digitally low-pass filtered at 30 Hz (48dB/octave),
and epochs of 900 ms (including 100 ms pre-stimulus baseline) were
extracted. All electrode sites underwent ocular correction based on
the widely adopted and improved simple regression method
developed by Gratton et al. (1983), which subtracts any event-related
activity from both EEG and EOG recordings and uses only event-
unrelated activity to estimate the regression coefficients. EEG trials
containing artifact activity exceeding ±100 μV were removed. EEG
data were baseline-corrected using activity in the 100 ms preceding
stimulus onset. Target trials with no response were excluded from
further analysis. An independent two sample t-test revealed no
significant difference across groups in the total number of rejected
trials due to artifacts or missed responses (p=0.972). Averages were
calculated, time-locked to the onset of the target stimulus (Fig. 1). The
next step involved automatically identifying the P300 peak amplitude
at Fz, Cz, and Pz sites. A search window between 235 and 400 ms
captured the most positive peak at Pz for each subject. P300 peaks at
Fz and Cz were identified within a 50 ms search window centered on
the peak latency at Pz.

2.5. EEG time–frequency analysis

EEG raw data were digitally high-pass filtered at 1 Hz (48 dB/
octave). Single trials were segmented into 2000 ms epochs (1000 ms
pre-stimulus and 1000 ms post-stimulus) and corrected for eye
movements and blinks (Gratton et al., 1983). EEG epochs containing
artifacts were removed on the basis of a ±100 μV rejection criterion.
Target trials with no response were excluded, and there was no
significant difference across groups in the total number of rejected
trials due to artifacts or missed responses (p=0.943). Time–
frequency analysis of these data was done with a Morlet wavelet
decomposition using FieldTrip software inMatlab. TheMorlet wavelet



Fig. 1. Healthy control (dark) and schizophrenia patient (light) grand average auditory
ERPs time-locked to target stimulus onset. Time is shown on the x-axis and voltage on
the y-axis. P300 is reduced in patients relative to controls at all three midline electrode
sites in the standard FzbCzbPz distribution.
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has a Gaussian shape that is defined by a ratio (σf=f/C) and a wavelet
duration (6σt), where f is the center frequency and σt=1/(2πσf). In
this analysis, C was set to 7, which produced wavelets over 6 cycles
long. After obtaining complex time–frequency data points for every
individual trial, these data were transformed into a total power
measure using previously described calculations (Ford et al., 2008a).
An average of total power single-trial values without baseline
correction was calculated to capture “state” aspects of ongoing EEG
oscillations. For each subject, Pearson's correlations were calculated
across trials (~45 trials) between single-trial target reaction time (RT)
and single-trial power on that trial, at each frequency between 10 and
60 Hz for every time point between 200 ms pre-stimulus onset to
200 ms post-stimulus onset. Separate two-dimensional correlation
coefficient matrices were obtained for midline electrodes (Fz, Cz, and
Pz) for each subject. Pearson's correlation coefficients (r) between RT
and power were extracted for the gamma-band by averaging r-values
across 40 to 55 Hz and−200 to−100 ms for a pre-stimulus bin and 0
to 100 ms for a post-stimulus bin for each subject. To stabilize the
variance, these mean correlation coefficients were Fisher r-to-z
transformed using the following formula and entered into statistical
analyses:

zr =
1
2
� logε

1 + r
1−r

� �
=

1
2
� logε 1 + rð Þ− logε 1 + rð Þð Þ

2.6. Statistical analysis

2.6.1. Behavioral performance
Median reaction times were analyzed in a 1-way analysis of

variance (ANOVA) for Group (SZ, HC).

2.6.2. Between-subject P300 ERP analyses
P300 amplitudes were analyzed in a 2-way repeated measures

ANOVA for Group (SZ, HC) and Site (Fz, Cz, and Pz).

2.6.3. Between-subject gamma power–RT analyses
Gamma–RT correlation coefficients were assessed in a 3-way

repeated measures ANOVA for Group (SZ, HC), Site (Fz, Cz, and Pz),
and Time (pre-stimulus, post-stimulus). Significant interactions were
parsed with follow-up tests.

2.6.4. Within-subject gamma power–RT analyses
In addition to analyses of Group or Time effects, z-transformed

correlation coefficients were tested against the null hypothesis to
determine if extracted values were significantly different from zero.
The pre- and post-stimulus periods for SZ and HC were tested, using
four individual t-tests.

2.6.5. Between-subject relationship of P300 and gamma power
The relationship between P300 peak amplitude and gamma

power was tested in a regression analysis, which included a Group⁎-
Gamma Power interaction term to test for a Group difference in the
slope of the regression line modeling the relationship between P300
peak amplitude and pre-stimulus gamma power. If the interaction
term were significant, suggesting that the relationship between
P300 amplitude and gamma was different in the two groups, the
relationship would be tested separately in each group.

3. Results

3.1. Behavioral performance

Therewas a significant effect of Group (F(1,37)=10.95, p=0.002)
with controls responding faster to targets than patients (327 ms vs.
384 ms). Analysis of the percentage of correct responses yielded
no significant Group effect (pN0.05) as subjects made few errors
(HC: 99.8% correct, SZ: 99.5% correct) due to the simplicity of the task.

3.2. Between-subject P300 ERP analyses

As expected, P300 was smaller in patients than controls (F(1,37)=
11.58, p=0.002). There was an effect of Site (F(1,37)=18.47, pb0.001,
Greenhouse–Geisser adjusted) driven by a significant increase in P300
from frontal to parietal electrodes tested by within subjects contrasts
(Fz vs. Cz: p=0.001, Cz vs. Pz: p=0.001).
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3.3. Between-subject gamma power–RT analyses

As can be seen in Table 2, there was a Time⁎Group interaction that
was parsed by separately testing for a Group effect in the pre-stimulus
(−200 to −100) and post-stimulus (0 to 100) periods. While there
was noGroup effect in the post-stimulus period, therewas a significant
Group effect in the pre-stimulus period, with controls showing greater
z-transformed correlation coefficients than patients (Fig. 2). Therewas
not an overall Group difference in the correlation between gamma
power and RT. There was a trend towards an effect of Site. This trend
appeared to be driven by larger values in posterior than anterior
electrode sites (Fig. 3 top vs. bottom), but single degree of freedom
contrasts within subjects failed to reach significance (Fz vs. Cz:
p=0.082, Cz vs. Pz: p=0.17).

3.4. Within-subject gamma power–RT analyses

As can be seen in Table 3, only gamma power–RT correlations in
the control group were significantly different from zero. Controls
showed a positive correlation between gamma-band total power and
RT such that greater gamma-band power preceding stimulus onset
was associated with longer RTs.

3.5. Between-subject relationship of P300 and pre-stimulus
gamma power

The model revealed a significant difference in the relationship
between P300 and gamma power in SZ compared to HC (p=.048).
Follow-up correlations showed a significant positive relationship
between P300 peak amplitude and pre-stimulus gamma power in HC
(r=.485, p=.026) and no significant relationship in SZ (r=.103,
p=.685). As can be seen in Fig. 4, two outliers drove the SZ
relationship and dropping them changed the correlation (r=−.297,
p=.264), but the difference in the slope of the two measures
remained significantly different (p=.013).

4. Discussion

As anticipated, patients with schizophrenia exhibited prolonged
RTs as compared with healthy subjects. This finding confirms what is
considered to be one of the most established neurocognitive
abnormalities seen in schizophrenia (Steffy and Waldman, 1993),
dating back to early research on the slowing of movements in the
illness (Bleuler, 1950; Kraepelin, 1971). Also consistent with the
schizophrenia literature (Bramon et al., 2004; Ford, 1999; Pritchard,
1986) patients had auditory P300 amplitude reductions relative to
controls during a conventional auditory oddball task. Importantly,
neither RT prolongation nor P300 amplitude reduction was related
to pre-stimulus gamma power in patients. In contrast, healthy
controls did show a significant positive correlation between P300
amplitude and mean pre-stimulus gamma power, indicating that the
Table 2
Tests of gamma-band–response reaction time relationships.

Source Type III sum of
squares

df Mean
square

F Sig.

Site .017 1.294 .013 3.315 .064
Site⁎Group .002 1.294 .001 .300 .645
Time .004 1.000 .004 .551 .462
Time⁎Group .067 1.000 .067 8.884 .005

Pre-stimulus: Group .044 1 .044 4.278 .046
Post-stimulus: Group .000 1 .000 .000 .987

Time⁎Site .003 1.607 .002 .755 .448
Time⁎Site⁎Group .010 1.607 .006 2.547 .098
Group .011 1 .011 1.293 .263

Emboldened data represent statistically significant results (pb0.05).
subjects with more gamma power produced larger amplitude P300
peaks. Furthermore, on a single-trial basis, pre-stimulus gamma
power was positively correlated with RT, supporting the view that
pre-stimulus gamma-band activity has behaviorally meaningful
correlates. This effect was primarily a phenomenon of the 40 to
55 Hz band, −200 to −100 ms prior to stimulus onset, and maximal
over the parietal midline region.

Although our single-trial analysis differed from analyses used by
other investigators, our data from healthy controls are consistent with
their reports showing the behavioral significance of gamma-band
responses during the pre-stimulus (Gonzalez Andino et al., 2005;
Jokeit and Makeig, 1994; Yordanova et al., 2001) or post-stimulus
time period (Frund et al., 2007; Haig et al., 1999; Jokeit and Makeig,
1994; Martinovic et al., 2008; Martinovic et al., 2007; Schadow et al.,
2009). Jokeit and Makeig (1994) showed that response preparation
and execution are represented in total power gamma-band activity. In
particular, they showed that fast responders had less pre-stimulus
gamma-band activity than slow responders, and suggested that
gamma-band activity reflects the implementation of a stimulus-
oriented, or “accuracy” strategy. That is, pre-stimulus gamma power
may reflect anticipation of behaviorally relevant stimuli, leading to a
fuller evaluation of the target stimulus, and thus slower RT. Earlier
investigations in healthy subjects have similarly concluded that
greater gamma-range EEG activity is involved in top–down atten-
tional processing (Debener et al., 2003; Tallon-Baudry et al., 2005;
Tiitinen et al., 1993), and sensorimotor processing during states of
expectancy (Bastiaansen et al., 2001; Bastiaansen and Brunia, 2001;
Gonzalez Andino et al., 2005), planning, and execution in humans
(Pfurtscheller and Lopes da Silva, 1999) and non-human primates
(Bressler et al., 1993; Lee, 2003).

Healthy controls in the present study show a similar relationship
between gamma power and RT, but on a single-trial level. Unlike
Jokeit and Makeig, who reported the RT and gamma power effects of
inter-individual variability, we identified a gamma power/RT rela-
tionship within healthy subjects, across trials, suggesting that RT relies
on the strength of gamma power in a moment-to-moment, state-
dependent manner. That is to say, in the healthy brain the ability to
rapidly shift states may be an important feature of cortical brain
dynamics, predicting fluctuations in behavioral responses. However,
even though gamma power is related to the timing of subsequent
motor responses in control participants, we are not able to draw
conclusions about causality.

Further support for the view that greater gamma power preceding
a stimulus reflects attention to stimulus processing comes from the
findings we obtainedwith P300 amplitude, an indicator of an engaged
processing state, and its relation to pre-stimulus gamma power.
Perhaps gamma power readies the brain to engage endogenous
aspects of stimulus processing. This observation is in accord with
previous findings showing that pre-stimulus or ongoing background
activity levels in sensory areas impact how forthcoming input will be
perceived (Hanslmayr et al., 2007; Sadaghiani et al., 2009). Others
have similarly concluded that pre-stimulus or ongoing baseline
activity acts as a carrier of dynamic predictions of future events
(Fox and Raichle, 2007; Mazaheri et al., 2009).

It is important to note that enhanced gamma oscillations in the
period between a warning cue and visual stimulus are correlated
with shorter reaction times to the stimulus on a trial-by-trial basis
(e.g. (Gonzalez Andino et al., 2005)), suggesting that the greater
gamma power, the faster the response, which is the opposite of our
pattern. In addition, Cho et al. (2006) showed that post-cue, pre-
target gamma power increases were associated with greater task
accuracy in healthy controls, but not patients with schizophrenia.
These studies and others (e.g. (Fan et al., 2007; Womelsdorf et al.,
2006)) that have reported a correlation between behavioral
performance and enhanced gamma oscillations during the period
between a warning cue and an imperative stimulus are consistent



Fig. 2. Means of the z-transformed correlation coefficients (shown in Fig. 3) between
single-trial gamma power and RT are plotted separately for healthy controls and
patients with schizophrenia for gamma power preceding the stimulus onset (−200 to
−100 ms) and immediately following it (0 to 100 ms). Healthy control subjects (dark
gray) show a significantly greater positive relationship than patients (light gray) before
the target but not after it. Standard error bars illustrate that only controls are
significantly different from 0 in the pre-stimulus bin.

Fig. 3. Grand averages of single-trial power–RT correlation matrices for healthy controls (left
Pz (bottom). Dark red indicates a negative correlation while light yellow indicates a positive
the pre- and post-stimulus averaging windows, −200 to −100 ms and 0 to 100 ms, respec

Table 3
One-sample tests.

Group Test value=0

t df Sig. (2-tailed) Mean difference

HC Pre-stimulus 2.399 20 .026 .04670
Post-stimulus .258 20 .799 .00444

SZ Pre-stimulus −.765 17 .455 −.02046
Post-stimulus .191 17 .851 .00495

Emboldened data represent statistically significant results (pb0.05).
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with the hypothesized role of gamma in top–down attentional
processing (e.g. (Debener et al., 2003; Fell et al., 2003)). However,
research employing a warning cue is difficult to fit into the context of
the present study due to differences in task parameters. Brain activity
sustained over a cue–target interval as compared with brain activity
in response to target events in a simple oddball paradigm represents
different aspects of dynamic brain function (Fernandez-Duque and
Posner, 1997; Grice, 1968; Hackley and Valle-Inclán, 2003; Reddi,
2001; Reddi et al., 2003). For example, with regard to sensory
processing, the warning cue is known to reduce RT (Jahanshahi et al.,
1992) and may speed up the rate at which the target is registered by
the brain or increase the magnitude of its signal. In terms of motor
function, the warning cue may decrease the threshold required to
) and schizophrenia patients (right) are plotted for electrodes Fz (top), Cz (middle), and
correlation. Dashed green boxes outline the gamma-band (40–55 Hz) correlations for
tively.
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Fig. 4. Scatterplots show the relationship between P300 peak amplitude and pre-
stimulus gamma total power for controls (top) and patient with schizophrenia
(bottom). Regression equations, Pearson's correlation coefficients, and two-tailed
significance levels are shown. The regression line for the patients was calculated
without the outliers (indicated by an asterisk).
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initiate a response or speed up the rate at which activity accumulates
to reach threshold. Although RT is fastest with an intermediate level
of arousal (e.g. during a cued stimulus trial), nonetheless the increase
in pre-stimulus gamma power observed in both cued and uncued
experimental settings reveals the attentiveness and anticipation
induced by proximity of the imperative stimulus.

For the patient group, the absence of a pre-stimulus gamma/RT
correlation suggests a breakdown in the relationship between
behavioral performance and a gamma oscillatory brain state, which
is consistent with comparisons of average total gamma power and
task performance (Cho et al., 2006). Since groups did not differ in
uncorrected pre- or post-stimulus gamma power, lack of gamma
power could not be responsible for the absence of a gamma/RT link in
patients. Rather the observed absence of a behaviorally relevant brain
state in patients may represent a response preparation abnormality in
the fashion described by Jokeit and Makeig. More support for this
view comes from the finding that mean pre-stimulus gamma power
did not correspond to P300 amplitude in schizophrenia, perhaps due
to aberrant attentional processing during response preparation. This
interpretation fits with a range of findings on default-mode network
(DMN) brain dysfunction in schizophrenia (see (Broyd et al., 2009) for
review), specifically in which temporal connectivity of the DMN is
altered during auditory oddball tasks (Calhoun et al., 2008). In these
studies, increased anti-correlations between the DMN and task-
positive network in schizophrenia suggest extreme competition
between the psychological processes and underlying neural circuits
of these networks. The antagonistic relationship between pre- and
post-stimulus brain networks might account for the observed
disconnect between pre-stimulus gamma power and post-stimulus
P300 and RT. However, it is also possible that this relationship is
actually intact in patients, but the correlation is obscured by other
neural activity, which is unrelated to gamma power but does predict
slower responses in schizophrenia.

It is important to note that other breakdowns between gamma
activity and behavior have been noted in pathological groups. For
example, Lenz et al. (2008) (Lenz et al., 2008) reported that
evoked gamma-band responses during stimulus encoding were
enhanced in ADHD patients during a task, but this enhancement
was not associated with subsequent recognition performance on
a cognitive task; healthy subjects did exhibit a strong positive
correlation between evoked gamma activity during stimulus encod-
ing and recognition performance. They interpreted this finding as
evidence of enhanced excitation levels and non-specific activation of
processing resources in ADHD patients.

Future studies are needed to elucidate a variety of matters in
connection with gamma/RT linked abnormalities in schizophrenia. For
example, different patterns of abnormal neural oscillatory activity may
map onto symptomatic profiles within schizophrenia (Peled, 1999;
Spencer et al., 2009). However, we were unable to find significant
relationships between clinical symptoms and the abnormal gamma/RT
link, perhaps due to the composition of our patient sample which
included chronic patients and patients early in the illness. Second, using
paradigms with more trials would allow for an evoked time–frequency
analysis of gamma/RT relationships aswell as amore direct comparison
between accuracy and pre-stimulus gamma power, which may help to
further clarify their association. Third, the relationship between
disturbed gamma/RT correlations in schizophrenia and demographic
characteristics, such as gender, requires attention given that although
the prevalence of schizophrenia is approximately equal in men and
women (see (Saha et al., 2005) for review) gamma-band activity has
been shown to vary with gender (Slewa-Younan et al., 2004). The
present report suggests that pre-stimulus gamma power and reaction
time correlationsmay turnout to bean important key for understanding
both the behavioral significance of gamma-band responses as well as
preparatory processing failures in neuropsychiatric disorders, such as
schizophrenia.
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