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Abstract

Background—Gamma band oscillations and their synchronization have been implicated in the
coordination of activity between distributed neuronal assemblies in the service of sensory
registration of stimuli and perceptual binding of their features. Prior electroencephalographic
(EEG) studies of chronic schizophrenia patients have documented deficits in the magnitude and/or
phase synchrony of stimulus-evoked gamma oscillations, findings that have been linked to
neurotransmission abnormalities involving GABA and NMDA-glutamate receptors. However, it
remains unclear whether these abnormalities are present at the onset of the illness, or indeed,
whether they are present during the prodromal period preceding illness onset. Accordingly, we
examined the magnitude and phase-synchrony of the transient gamma band response (GBR)
elicited by an auditory stimulus in young patients with schizophrenia and in patients at clinical
high risk for psychosis based on their manifestation of putatively prodromal symptoms.

Methods—EEG was recorded during an auditory oddball target detection task in 3 groups: young
schizophrenia patients early in their illness (YSZ; n=19), patients at clinical high risk for psychosis
(CHR; n=43), and healthy controls (HC; n=42). Single trial EEG epochs and the average event-
related potential time-locked to standard tones from the oddball task were subjected to time-
frequency decomposition using Morlet wavelet transformations. The GBR between 50-100 msec
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following the tone onset was quantified in terms of evoked power, total power, and the phase-
locking factor (PLF) reflecting cross-trial phase synchrony.

Results—GBR evoked power was significantly reduced in YSZ (p<.01) and CHR (p<.05)
patients, relative to HC. Similarly, GBR PLF was significantly reduced in YSZ (p<.01) and
showed a marginal reduction in CHR patients (p=.057), relative to HC. GBR total power was not
reduced in CHR patients (p=.68) and showed only a trend level reduction in YSZ (p=.072). Within
the CHR group, there were no significant GBR differences between the patients who converted to
a psychotic disorder and those who did not convert to psychosis during a 12-month follow-up
period.

Conclusion—Reductions in the transient auditory GBR, as reflected by evoked power and phase
synchrony, are evident in the early stages of schizophrenia and appear to precede psychosis onset.
However, the absence of total power GBR abnormalities in CHR patients, with only a trend
toward reduction in YSZ patients, suggests that the magnitude of the GBR is intact early in the
course of schizophrenia, whereas the phase synchrony of this response is deficient. Given that the
GBR failed to distinguish the CHR patients who converted to psychosis from those who did not
convert, the role of GBR disruption in the emergence of psychosis warrants further investigation.
Asynchronous gamma activity may represent an elemental neurobiological abnormality in
schizophrenia that is also evident in patients at high clinical risk for psychosis regardless of their
longer-term clinical outcomes.

Keywords
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1. Introduction

Synchronization of neural activity in the gamma range (30-80 Hz) is thought to be a
mechanism for integrating sensory information across different modalities and cortical areas,
thereby creating a coherent cortical representation of complex external sensory stimuli
(Basar et al., 2000; Engel et al., 2001; Singer, 1999). The coordination of sensory gamma
oscillations has been shown to contribute to sensory registration and perceptual processes
(Clementz et al., 1997; Hong et al., 2004a), as well as higher order cognitive operations such
as attention and expectation (Basar-Eroglu and Basar, 1991; Debener et al., 2003; Gurtubay
et al., 2004; Gurtubay et al., 2001; Tallon-Baudry et al., 1997; Tiitinen et al., 1993). It has
been hypothesized that the widespread cognitive deficits consistently observed in
schizophrenia may be attributable to core abnormalities in the timing, synchronization, and
efficiency of neuro-oscillatory activity, particularly in the gamma band, that subserves the
binding and integration of information processed across different brain regions (see Uhlhaas
and Singer, 2010).

Patients with schizophrenia have been shown to have abnormal electroencephalographic
(EEG) gamma-band responses (GBRs) associated with sensory (Gallinat et al., 2004; Haig
et al., 2000b; Hall et al., 2011a; Hall et al., 2011b; Kwon et al., 1999; Leicht et al., 2010b;
Light et al., 2006; Roach and Mathalon, 2008; Spencer et al., 2008a), perceptual (Spencer et
al., 2003), attentional (Haig et al., 2000a; Symond et al., 2005), and cognitive control (Cho
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et al., 2006) processes. We and others have recently reported decreased early gamma
activity in response to auditory stimuli in patients with schizophrenia, as reflected by evoked
power (Hall et al., 2011a; Hall et al., 2011b; Leicht et al., 2010b) and phase-locking factor
(Hall et al., 2011b; Leicht et al., 2010b; Roach and Mathalon, 2008; Roach, this issue). In
auditory oddball paradigms, schizophrenia has been associated with an abnormal reduction
of GBRs to target (Haig et al., 2000b; Symond et al., 2005) and non-target (Haig et al.,
2000b; Hall et al., 2011b; Roach and Mathalon, 2008) auditory tones, suggesting that the
early-evoked GBRs to auditory stimuli are either compromised by a lack of phase
consistency across trials, reduced response magnitude, or some combination of the two.
While gamma oscillation abnormalities are evident in chronic schizophrenia patients
(Gallinat et al., 2004; Hall et al., 2011a; Hall et al., 2011b; Kwon et al., 1999; Light et al.,
2006; e.g., Roach and Mathalon, 2008; Roach, this issue), in first-episode psychosis
(Spencer et al., 2008b; Symond et al., 2005; Williams et al., 2009), and to a lesser degree, in
unaffected relatives (Hall et al., 2011b; Hong et al., 2004b; Leicht et al., 2010a), but see
(Hall et al., 2011a), it remains unclear whether they are present in individuals at clinical high
risk for the development of psychosis.

2. Mechanisms of Gamma-band Oscillations

Fast-spiking inhibitory y-aminobutyric acid (GABA) interneurons expressing the calcium-
binding protein parvalbumin have been implicated in the mediation of gamma oscillatory
activity (Carlen et al., 2011; Gonzalez-Burgos et al., 2010; Lewis et al., 2011; Sohal et al.,
2009). The inhibition of pyramidal cell and interneuron networks by GABAergic
interneurons produces gamma band oscillations through an inhibition and rebound excitation
cycle that is modulated by GABAA, receptors (Sohal et al., 2009; Whittington et al., 1995).
Moreover, glutamatergic neurotransmission at NMDA receptors provides excitatory
regulation of parvalbumin fast-spiking interneurons, contributing to the generation of
gamma oscillations in pyramidal cell networks (Carlen et al., 2011; Doheny et al., 2000;
Roopun et al., 2008). Gamma oscillatory activity non-invasively measured by EEG in
patients with schizophrenia is of interest because disrupted GABAergic and glutamatergic
cortical activity have been implicated in the pathophysiology of the illness (Benes, 2000;
Gonzalez-Burgos and Lewis, 2008; Lewis et al., 2005; Lewis et al., 2011; Lewis et al., 2008;
Roopun et al., 2008).

3. Early Gamma-band Responses in Schizophrenia

The auditory GBR has been quantified with different methods, typically involving the
transformation of the time-voltage domain EEG or event-related potential (ERP) signal into
the time-frequency domain. Repeated applications of Fourier, Hilbert, or wavelet
transformations produce time-frequency decompositions of EEG or ERP signals. Our
analysis focuses on measures of total power, evoked power, and phase-locking factor (PLF),
and typically these effects are fronto-centrally distributed across EEG channels. Total power
(or event-related spectral perturbation (Delorme and Makeig, 2004) is a measure of the
event-related change in power across individual trials, including both phase synchronous
and asynchronous activity. Evoked power describes only phase-locked event-related
changes in power because the time-frequency transformation is derived from the time-
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domain averaged ERP waveform. Finally, PLF (also called intertrial phase coherence
(Delorme and Makeig, 2004) is a measure of phase consistency across trials from a single
electrode or source.

Several studies have investigated the early, evoked auditory GBR associated with sensory
registration of auditory stimuli (Pantev et al., 1991) using evoked power or PLF measures in
schizophrenia. Clementz (Clementz et al., 1997) initially observed early abnormalities in
auditory evoked gamma power, and multiple subsequent studies (Basar-Eroglu et al., 2009;
Hall et al., 2011a; Hall et al., 2011b; Hirano et al., 2008; Krishnan et al., 2009; Leicht et al.,
2010a; Leicht et al., 2010b; Lenz et al., 2011; Roach and Mathalon, 2008; Teale et al.,
2008), but not all (Blumenfeld and Clementz, 2001; Brenner et al., 2009; Brockhaus-Dumke
et al., 2008a; Spencer et al., 2008a), have reported reduced evoked power or PLF in the
gamma band. However, the selective examination of these two measures limits our ability to
adequately describe the stimulus-driven activity of neuronal assemblies. Evoked power
reflects the amplitude of the oscillations that are phase-locked to a stimulus event, since
averaging across trials tends to cancel out non-phase locked oscillatory activity.
Accordingly, because the evoked power measure initially requires some consistency of
phase across single trials, and then depends on the average magnitude of the phase-locked
signal, evoked power deficits could be due to decreased phase-locking or to reduced single
trial amplitude. Given that many previous studies have acknowledged the increase in phase
variance (i.e., latency jitter) in measures of neural activity in patients with schizophrenia
(Ford et al., 1994), it is surprising that very few studies (Krishnan et al., 2009) have assessed
total power of the early auditory GBR in this population to separate magnitude from phase-
locking abnormalities.

Furthermore, it is unknown whether abnormalities in transient GBRs observed in
schizophrenia patients predate the onset of psychaosis, or co-occur with illness onset. This
question can be addressed by studying patients at clinical high risk (CHR) for developing
psychosis. Being at “clinical high risk” is defined by the Criteria of Prodromal Syndromes
(COPS; Miller et al., 2002) and the similar criteria for At Risk Mental States (ARMS; Yung
and McGorry, 1996). The North American Prodromal Longitudinal Study (NAPLS)
consortium reported that 35% of patients meeting COPS criteria converted to a psychotic
disorder within a 2.5 year follow-up period (Cannon et al., 2008). An increasing number of
studies are finding that electrophysiological abnormalities associated with schizophrenia are
evident in clinical high risk patients (Bodatsch et al., 2011; Brockhaus-Dumke et al., 2008b;
Jahshan et al., 2011; Perez et al., 2011a; Perez et al., 2011b; Shin et al., 2009; van Tricht et
al., 2010); however, none has assessed whether GBRs are abnormal in these patients. GBR
abnormalities in CHR patients may reflect vulnerability to the disorder and/or abnormal
neurodevelopment, particularly in connection with abnormal function of NMDA and
GABA receptors. A major motivation for identifying neurophysiological abnormalities in a
CHR sample is to enhance the accuracy of the prediction of which at risk patients will
convert to psychosis, setting the stage for development of targeted preventive interventions
aimed at those patients at greatest risk.

Suppl Clin Neurophysiol. Author manuscript; available in PMC 2014 August 04.
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4. Design of Present Study

5. Method

In order to assess whether transient GBRs quantified with total power, evoked power, and
PLF time-frequency measures are compromised early in the course of schizophrenia, we
compared young schizophrenia patients, clinical high risk patients, and healthy controls on
these measures. Based on previous studies reporting reduced gamma band evoked power
and PLF in schizophrenia, we predicted that young schizophrenia patients, still early in their
illness course, would show diminished evoked power and PLF in the GBR. Based on the
hypothesis that abnormal GBRs may be physiological risk markers for the development of
psychosis, we predicted that patients at clinical high risk for psychosis would also be
abnormal on these measures. However, given the heterogeneous nature of clinical high risk
samples, with only a minority of patients destined to convert to schizophrenia, we predicted
that, as a group, their abnormalities would be intermediate relative to early illness
schizophrenia patients and healthy controls. Finally, we predicted that clinical high risk
patients who subsequently converted to psychosis would have greater GBR abnormalities.

5.1. Participants

Study participants (Table 1) included 43 patients at clinical high risk (CHR) for psychosis
based on the Structured Interview for Prodromal Syndromes (SIPS; Miller et al., 2002), 19
young patients with DSM-1V schizophrenia (YSZ) based on the Structured Clinical
Interview for DSM-IV (SCID), and 42 healthy control (HC) subjects. CHR patients met
criteria for at least one of the three sub-syndromes defined by the COPS (Miller et al.,
2002): 1) Attenuated Positive Symptoms (APS), 2) Brief Intermittent Psychotic States
(BIPS), and/or 3) Genetic Risk with Deterioration in social/occupational functioning (GRD).
Interviews were conducted by a trained research assistant, psychiatrist, or clinical
psychologist.

HC were recruited by advertisements and word-of-mouth. Exclusion criteria for HC
included a past or current DSM-IV Axis | disorder based on a SCID interview or having a
first-degree relative with a psychotic disorder. Exclusion criteria for all groups included
history of substance dependence or abuse within the past year, a history of a significant
medical or neurological illness, or a history of head injury resulting in loss of consciousness.
The study was approved by the Yale University institutional review board, and adult
participants provided written informed consent. In the case of minors, parents provided
written informed consent; youths provided written informed assent.

5.2. Clinical Ratings

Within 1 month of EEG assessment (M=9.8, SD=22.99 days), a clinically trained research
assistant, psychiatrist, or clinical psychologist rated YSZ symptoms using the Positive and
Negative Syndrome Scale (PANSS; Kay, 1987) and CHR symptoms using the Scale of
Prodromal Symptoms (SOPS; Miller et al., 2002).

Suppl Clin Neurophysiol. Author manuscript; available in PMC 2014 August 04.
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5.3. Conversion to Psychosis

5.4. Gamma

Of the 43 CHR patients, 15 converted to a psychotic disorder within 2.5 years of study
participation. Conversion to psychosis was defined by a rating of 6 on at least one of the
positive symptom items from the SIPS, indicating the presence of a full-blown psychotic
syndrome. A positive symptom is given a rating of 6 if it has reached a high intensity level
(e.g., delusional conviction) and exceeds a frequency or duration threshold (=1 hour/day for
>4 days/week during the past month), or if it has a seriously disorganizing or dangerous
impact on the patient (Cannon, 2008). Only CHR patients who were clinically followed for a
minimum of twelve months (n=16) and had not yet converted to a psychotic disorder were
included in the non-conversion group.

Band Response Paradigm

Subjects listened to a random series of infrequent (n=45, 10%) high tones (1000 Hz),
infrequent novel sounds (n=45, 10%), and frequent (=360, 80%) low tones (500 Hz).
Subjects were asked to press a response key to each occurrence of the infrequent, high tone
(i.e., target stimulus). Transient GBRs were assessed from the frequent tones exclusively.
These tones were 80 dB SPL and 50 ms in duration presented with a stimulus-onset
asynchrony of 1.25 sec. Sounds were delivered via Etymotic ER-3A insert earphones at
80dB SPL through a STIM audio box (Compumedics Neuroscan).

5.5. EEG Acquisition

EEG data were acquired at 1000 Hz from 20 sites (Fpl, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz,
C4, T4, T5, P3, Pz, P4, T6, 01, Oz, 02), bandpass filtered between 0.05 Hz and 100 Hz, and
referenced to linked ears. Additional electrodes were placed on the outer canthi of both eyes
and above and below the left eye to record eye movements and blinks (vertical and
horizontal electro-oculogram; VEOG, HEOG). All impedances were maintained at or below
10 kOhm throughout the recording session with most EEG sites below 5 kOhm.

Single trial EEG epochs were stimulus-locked to the onset of each tone, including data from
250 ms before the tone onset and 750 ms after its onset. Individual trials were baseline
corrected using the 100 ms period preceding the tone onset after correcting for eye
movements and blinks using EOG data (Gratton et al., 1983). Finally, trials containing
artifacts (voltages exceeding £100 uV) in any of the central 9 electrodes (F3, Fz, F4, C3, Cz,
C4, P3, Pz, or P4) were rejected.

5.6. EEG Time-Frequency Analysis

Time-frequency analysis of the EEG gamma-activity was based on Morlet wavelets using
the freely distributed FieldTrip (http://fieldtrip.fcdonders.nl/) software in Matlab (http://
www.mathworks.com/products/matlab/), as in our prior work (Roach and Mathalon, 2008).
The Morlet wavelet has a Gaussian shape that is defined by a ratio (o5 = f/C) and a wavelet
duration (6oy), where f is the center frequency and o; = 1/(2nof). In a classic wavelet
analysis, C is a constant (e.g., 7), ensuring an equal number of cycles in the mother wavelet
for each frequency. In this approach, as the frequency (f) increases, the spectral bandwidth
(60¢) increases. This method was used to decompose single trial time-frequency values
between 20 and 60 Hz for the central nine electrodes.

Suppl Clin Neurophysiol. Author manuscript; available in PMC 2014 August 04.


http://fieldtrip.fcdonders.nl/
http://www.mathworks.com/products/matlab/
http://www.mathworks.com/products/matlab/

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Perez et al.

Page 7

After applying this method, PLF was calculated as 1-minus the circular phase angle
variance, as described by Tallon-Baudry et al. (Tallon-Baudry et al., 1997). PLF provides a
measure of the phase consistency of frequency-specific oscillations with respect to stimulus
onset across trials on a millisecond basis. In addition, event-related total power was
calculated by averaging the squared single trial magnitude values in each 1 Hz frequency bin
on a millisecond basis. The average total power values were 10log4g transformed and then
baseline corrected by subtracting the average of the pre-stimulus baseline (-100 to 0 ms)
from each time point separately for every frequency. The resulting event-related change in
total power values (relative to baseline) are in decibels (dB).

5.7. ERP Time-Frequency Analysis

To quantify evoked power, single trial EEG epochs were averaged to create event-related
potentials (ERPs). ERP data were subjected to the wavelet decomposition described above,
and evoked power was calculated by squaring the output. The evoked power values were
10log; transformed and then baseline corrected by subtracting the average of the pre-
stimulus baseline (=100 to 0 ms) from each time point separately for every frequency. The
resulting event-related change in evoked power values (relative to baseline) are in decibels
(dB).

5.8. Principal Components Analysis of Time-Frequency Data

To capture and quantify the GBR, a time-frequency principal components analysis (TF-
PCA) approach similar to that implemented by others (Bernat et al., 2005) was adopted. In
particular, total power, evoked power, and PLF measures were down-sampled to reduce the
number of points (originally 1ms X 1Hz) in the TF matricies by sampling every 2 Hz (e.g.,
20, 22, 24 Hz ...) between 20 and 60 Hz and every 5 ms (e.g., =50, —45, —40 ms...) between
=50 and 150ms. The TF-PCA was then calculated separately for total power, evoked power,
and PLF by rearranging the 2-D TF data into 1-D by transposing the frequency data at the
first time point (=50 ms) and concatenating it with similarly transposed vectors at all other
time points. This results in 861 sample row vectors for each electrode (n=9) and each subject
(n=104), which were submitted to a covariance matrix PCA implemented in Matlab (Kayser
and Tenke, 2003). All components were retained and subjected to a varimax rotation,
yielding orthogonal factors corresponding to major TF components. To produce
interpretable TF factor loadings, 1-D factor loadings were rearranged back into the original
order of the 2-D TF measures, and individual subject and electrode factor scores
corresponding to the transient GBR component were saved for subsequent analyses.

5.9. Statistical Correction for Normal Aging Effects

To control for the effects of normal aging, we derived a single age-corrected value for each
subject for total power, evoked power, and PLF scores. First, total power PCA factor scores
were regressed on age in the HC group (age range 12-37 years). Next, the resulting
regression equation was used to derive age-specific predicted values that were subtracted
from the observed values and divided by the standard error of regression, yielding age-
corrected total power factor z-scores for subjects across all groups. The resulting age-
corrected z-scores reflected deviations in standard units from the values expected for a
normal healthy subject of a given age. This method has been used previously to correct for

Suppl Clin Neurophysiol. Author manuscript; available in PMC 2014 August 04.
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normal aging effects in structural MRI data (Pfefferbaum et al., 1992). The method is
preferable to using age as a covariate in an ANCOVA because it removes normal aging
effects while preserving any pathological aging effects present in the patient data. This
procedure was repeated to acquire age-corrected evoked power factor z-scores and PLF
factor z-scores for all subjects across groups.

5.10. Statistical Analysis

Separate 3 Group (HC, CHR, YSZ) X 2 site (Fz, Cz) repeated measures analysis of variance
(ANOVA) models were performed on each of the age-corrected GBR dependent variables
(total power, evoked power, PLF). Significant Group effects were further parsed with a
priori planned contrasts. Converters and non-converters were compared on total power,
evoked power, and PLF, using a 2 Group (converters, non-converters) X 2 site (Fz, Cz)
repeated measures ANOVA.

To assess the relationship between symptom severity and total power, evoked power, and
PLF in the YSZ group, GBR factor scores from each measure were correlated with positive
(sum of PANSS positive symptom ratings) and negative (sum of PANSS negative symptom
ratings) symptom summary scores. Correlations with SOPS positive and negative symptom
summary scores were performed in the CHR group. A Bonferonni correction was applied
for the number of correlations performed within each patient group, maintaining the
corrected alpha level at p=.05.

6. RESULTS
6.1. GBR PCA Factor Loadings

Inspection of the factor loadings for total power (Figure 1a) revealed that the first factor
peaked at ~40 Hz and 50 ms, corresponding to the GBR, and accounted for 12.59% of the
variance. Inspection of the factor loadings for evoked power (Figure 1b) revealed that the
first factor peaked at ~40 Hz and 50 ms, corresponding to the GBR, and accounted for
7.62% of the variance. Inspection of the factor loadings for PLF (Figure 1c) revealed that the
third factor peaked at ~40 Hz and 50 ms, corresponding to the GBR, and accounted for
14.96% of the variance.

Furthermore, scalp topographies of the extracted PCA factor scores are consistent with the
expected fronto-central distribution of the auditory gamma band response, as shown in
Figures la-c.

6.2. Group Differences in GBR PCA Factor Scores

The factor scores corresponding to the GBR components shown in Figure 1 were extracted
for electrode sites Fz and Cz, subjected to age-correction procedures described previously,
and used in the group analyses (see Table 2). Age-corrected mean total power, evoked
power, and PLF z-scores (+/- standard error) are plotted for each group in Figure 2. Note
that because z-scores are normed relative to the HC group data, the HC group has mean z-
score values of zero for each measure.

Suppl Clin Neurophysiol. Author manuscript; available in PMC 2014 August 04.
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6.3. Group Differences in Age-Corrected PCA Total Power GBR

The repeated measures ANOVA revealed an absence of any significant group differences
(HC, CHR, YSZ) in the total power GBR (Figure 1a, 2a). Furthermore, the Site and Group
X Site interaction effects were not significant. A priori pairwise comparisons showed that
age-corrected total power GBR factor z-scores were marginally reduced in YSZ relative to
HC (Cohen’s d=.43; p=0.072). No reduction in total power GBR was observed in the CHR
group relative to the HC group (Cohen’s d=.09; p=.687).

6.4. Group Differences in Age-Corrected PCA Evoked Power GBR

The repeated measures ANOVA showed a significant main effect of Group (HC, CHR,
YSZ) for the evoked power GBR (Figure 1b, 2b). The Site and Group X Site interaction
effects were not significant. As reported in Table 2, age-corrected evoked power GBR factor
z-scores were reduced in the YSZ and CHR groups relative to the HC group (YSZ vs. HC:
Cohen’s d=.69; p=0.004; CHR vs. HC: Cohen’s d=.50; p=0.011).

6.5. Group Differences in Age-Corrected PCA Phase-locking Factor GBR

The repeated measures ANOVA showed a significant main effect of Group (HC, CHR,
YSZ) for the PLF of the GBR (Figure 1c, 2c¢). Neither the Site effect nor the Group X Site
interaction was significant. Group analyses are presented in Table 2, where age-corrected
PLF z-scores were reduced in the YSZ relative to the HC group (Cohen’s d=.79; p=0.005).
Analyses also revealed marginally reduced age-corrected PLF scores in the CHR relative to
the HC group (Cohen’s d=.37; p=0.057).

6.6. Converters vs. Non-converters

There were no differences between converters and non-converters for total power (p=.83),
evoked power (p=.92), or PLF (p=.26).

6.7. Demographic Differences between Groups

Pearson chi-square analysis showed that HC had significantly higher parental
socioeconomic status (SES) than both patient groups, which did not differ from each other
(p=.62). Thus, after ruling out group differences in the slopes of the relationships between
parental SES and each of the GBR measures (Group x parental SES interaction: total power:
p=.75; evoked power: p=0.79; PLF p=0.76) and dropping the interaction terms, Group x Site
ANCOVAs were performed on each of the GBR measures using parental SES as a
covariate. The parental SES effect was not significant for any of the GBR measures (total
power: p=.29; evoked power: p=0.65; PLF: p=0.92), and the Group effects were essentially
the same as those resulting from the ANOVA models described above.

6.8. Correlational Analyses with Clinical Ratings

PANSS positive and negative symptom subscales were not significantly correlated with total
power, evoked power or PLF scores in the YSZ sample. Similarly in the CHR patients,
SOPS positive and negative symptom subscales were not significantly correlated with total
power, evoked power or PLF scores.
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7. DISCUSSION

We examined the early auditory gamma band response evoked by frequently occurring
standard tones from an oddball task, a signal that reflects mechanisms of sensory registration
of auditory stimuli (Gurtubay et al., 2004; Gurtubay et al., 2001). Previously, we showed
that the early-evoked gamma band response to tones is poorly synchronized in schizophrenia
(Roach and Mathalon, 2008) consistent with other reports of abnormalities in the early
auditory GBR in chronic schizophrenia patients (for review, see Gandal et al., 2012), first
episode patients (Symond et al., 2005; Williams et al., 2009), and unaffected relatives (Hall
etal., 2011b; Hong et al., 2004b; Leicht et al., 2010a). Here, we replicated earlier studies
(Spencer et al., 2008b; Symond et al., 2005) showing that young schizophrenia patients
demonstrate significantly decreased evoked power in the gamma-band. Furthermore,
patients at clinical high risk for psychosis demonstrated significantly decreased evoked
power in the gamma-band relative to healthy controls, although the magnitude of the
abnormality in gamma-band evoked power was less pronounced in the CHR patients than in
the young schizophrenia patients, as quantified by the effect sizes. These findings are
consistent with other findings of reduced evoked power GBRs in unaffected co-twins of
patients with schizophrenia (Hall et al., 2011b) and suggest that reduced auditory evoked
gamma power may reflect the risk for developing schizophrenia.

Another aim of this study was to assess patients on the phase synchrony of the GBR using
PLF. Consistent with other studies of older chronic patients (Mulert et al., 2011; Roach and
Mathalon, 2008; Roach, this issue; Slewa-Younan et al., 2004; Spencer et al., 2009), the
current study showed significantly diminished PLF of the GBR in young schizophrenia
patients. Interestingly, marginal deficits in GBR phase consistency were present in CHR
patients, where the degree of reduction in gamma synchrony was intermediate to healthy
controls and young schizophrenia patients. Our findings of an intermediate effect in the at-
risk group relative to healthy controls and schizophrenia patients are similar to findings in
the literature (e.g., Brockhaus-Dumke et al., 2005; Brockhaus-Dumke et al., 2008b; Perez et
al., 2011a; van der Stelt et al., 2005) reporting that CHR groups demonstrate intermediate
effects that are not statistically distinguishable from either comparison group (i.e., the HC or
SZ groups). In light of this, the nearly significant reduction of gamma PLF in the CHR
patients suggests that deficient early auditory gamma-band phase synchrony predates the
onset of schizophrenia.

Very few of the previously published GBR studies of patients with schizophrenia (Krishnan
et al., 2009) examined the combination of synchronous and asynchronous neural activity by
reporting total power. Accordingly, our study, which includes the total power GBR in
schizophrenia patients and patients at risk for developing psychosis, represents a significant
extension of prior studies. The fact that total gamma power was not reduced in CHR
patients, and only showed a trend toward reduction in our young schizophrenia patients,
suggests that the magnitude of early auditory gamma band activity is relatively spared early
in the course of schizophrenia. Moreover, this lack of total power deficits suggests that the
significant evoked gamma power reduction in the patients mainly resulted from poor gamma
phase synchrony across trials rather than from reduced magnitude of the gamma oscillations.
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Unlike the results of the current study, a significant reduction of early auditory gamma total
power was observed in a sample of chronic schizophrenia patients, along with significant
reductions in phase synchrony (Roach, this issue). Many factors may contribute to this
apparent discrepancy between the findings from these two studies from our laboratory,
including the fact that total power measurements in the gamma range are hampered by a
relatively poor signal-to-noise ratio compared to evoked power measurements. This is due to
the inherently greater noise present in single trial EEG epochs relative to the ERP derived by
averaging them. However, another possibility is that reduction in the magnitude of early
auditory gamma oscillations is a late developing abnormality that is only evident robustly in
chronic schizophrenia patients, whereas reduced gamma phase synchrony and associated
reductions in evoked gamma power are present early in the illness course, possibly even
before illness onset during the prodromal period. While speculative, this hypothesis is
consistent with the idea that the mechanisms subserving the phase synchronization of
gamma oscillations with respect to an auditory stimulus are dissociable from the
mechanisms governing the magnitude of these oscillations. Moreover, to the extent that the
magnitude of gamma oscillations depends on the quantity or extent of underlying neural
networks in the cortex, the emergence of deficient gamma oscillation magnitudes in chronic
patients is consistent with accumulating longitudinal MRI evidence of progressive gray
matter volume loss over the illness course of schizophrenia (e.g., Andreasen et al., 2011;
DeL.isi, 1999; Hulshoff Pol and Kahn, 2008; Mathalon et al., 2001).

Attenuated GBRs were not related to positive or negative symptoms in young schizophrenia
or CHR patients. This finding is consistent with some (Haig et al., 2000b), but not all (Hall
etal., 2011b; Leicht et al., 2010b), prior efforts to relate abnormal oscillations in the gamma
frequency range to symptoms. It is worth noting, however, that some studies have found
relationships between diminished gamma response and “treatment-resistant” symptoms
including disorganization (Gordon, 2001) and psychomotor poverty (Gordon, 2001; Lee,
2003). Additional studies have reported associations between reductions in gamma and
disrupted perceptual (Johannesen et al., 2008) and cognitive ability (Uhlhaas et al., 2006),
including impaired working memory (Light et al., 2006; Winterer et al., 2004). However,
other studies have reported unexpected correlations between enlarged gamma-band response
and positive symptoms (Hirano et al., 2008; Lee, 2003; Spencer et al., 2008a; Spencer et al.,
2009; Spencer et al., 2004; Uhlhaas et al., 2006). Further clarification is needed about
whether the same clinical and cognitive abnormalities are associated with different gamma
measures (e.g., total power vs. evoked power vs. intertrial phase coherence). Thus, whether
the gamma-band abnormalities are a general characteristic of schizophrenia or are more
specifically associated with certain symptom domains remains unclear.

The present findings of abnormal gamma-band responses in CHR patients that are
intermediate between young schizophrenia patients and healthy controls indicate that these
abnormalities predate psychosis onset, at least in a subset of a CHR patients. While the
pathophysiological mechanisms giving rise to these gamma band abnormalities remain to be
elucidated, it is reasonable to hypothesize that these mechanisms involve dysfunction of the
GABAergic and NMDA glutamatergic micro-circuitry known to subserve gamma
oscillations (Carlen et al., 2011; Sohal et al., 2009) that have already been implicated in the
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pathophysiology of schizophrenia (Benes, 2000; Doheny et al., 2000; Gonzalez-Burgos and
Lewis, 2008; Gonzalez-Burgos et al., 2010; Hashimoto et al., 2003; Lewis et al., 2005;
Lewis et al., 2011; Lewis et al., 2008; Roopun et al., 2008). In line with previous studies
reporting impaired GBR measures in unaffected siblings (Leicht et al., 2010a) and
unaffected co-twins of schizophrenia patients (Hall et al., 2011b), the current findings
suggest that abnormal early auditory gamma-band response may be a biomarker reflecting
the clinical risk for the development of psychosis. However, we did not find abnormal
gamma band responses to predict conversion to psychosis among CHR patients. While the
lack of a converter vs. non-converter effect may indicate that abnormal gamma band
responses reflect clinical vulnerability for psychosis, with other factors determining whether
a psychotic disorder subsequently develops, larger sample sizes are needed to address this
question definitively. Such large sample CHR studies are currently underway (e.g., Cannon
et al., 2008).
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Figure 1.
GBR Factor Loadings.

Time-frequency (TF) factor loadings are plotted from a principal components analysis
(PCA) with varimax rotation for (a) total power, (b) evoked power, and (c) phase-locking
factor gamma-band responses (GBR). Time (ms) is plotted on the x-axis; EEG frequency
(Hz) is plotted on the y-axis. Stimulus onset occurred at 0 ms. Below each TF plot, scalp
topography maps for each group (Healthy Control (HC), Clinical High-Risk (CHR), and
Young Schizophrenia (YSZ)) show a fronto-central distribution for each GBR across
groups. YSZ show reduced GBRs relative to HC. CHR are intermediate to the HC and YSZ
groups. Scaling was uniform across groups. Greater total power and evoked power GBRs,
and greater phase-locking consistency across trials, is shown in hot colors (red), as indicated
on the color scale to the right of each TF plot.
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Figure 2.
Group Differences in Age-Corrected GBR PCA Factor Scores.

Mean (+ standard error) age-corrected PCA factor z-scores for the GBR in the Healthy
Control (HC) group, Clinical High-Risk (CHR), and Young Schizophrenia (YSZ) patients to
frequent stimuli during the auditory oddball task. In (a), marginal group differences between
the YSZ and HC groups for Total Power are plotted. CHR did not show a difference in Total
Power from HC. In (b), significant CHR and Y SZ deviations from HC Evoked Power are
plotted. In (c), YSZ show reductions in Phase-Locking Factor relative to HC, with a trend
for CHR to have reduced values relative to HC. [* p<.02, T p<0.08]
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