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Abstract

Background—In electroencephalogram (EEG) studies of auditory steady-state responses

(ASSR), patients with schizophrenia show a deficit in power and/or phase-locking, particularly at

the 40Hz frequency where these responses resonate. In addition, studies of the transient gamma

band response (GBR) elicited by single tones have revealed deficits in gamma power and phase-

locking in schizophrenia. We examined the degree to which the 40 Hz ASSR and the transient

GBR to single tones are correlated and whether they assess overlapping or distinct gamma band

abnormalities in schizophrenia.

Methods—EEG was recorded during 40 Hz ASSR and auditory oddball paradigms from 28

patients with schizophrenia or schizoaffective disorder (SZ) and 25 age- and gender-matched

healthy controls (HC). The ASSR was elicited by 500 ms click trains, and the transient GBR was

elicited by the standard tones from the oddball paradigm. Gamma phase and magnitude values,

calculated using Morlet Wavelet transformations, were used to derive total power and phase-

locking measures.

Results—Relative to HC, SZ patients had significant deficits in total gamma power and phase-

locking for both ASSR- and GBR-based measures. Within both groups, the 40 Hz ASSR and GBR

phase-locking measures were significantly correlated, with a similar trend evident for the total

power measures. Moreover, co-varying for GBR substantially reduced 40 Hz ASSR power and

phase-locking differences between the groups.

Conclusions—40 Hz ASSR and transient GBR measures provide very similar information

about auditory gamma abnormalities in schizophrenia, despite the overall enhancement of 40 Hz

ASSR total power and phase-locking values relative to the corresponding GBR values.
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Introduction

The auditory gamma band response (GBR) is a 40 Hz sinusoidal component that occurs in

the first 100 ms of the auditory evoked potential or field in electroencephalographic (EEG)

or magnetoencephalographic (MEG) recordings (Basar et al., 1987, Pantev et al., 1993,

Pantev et al., 1991). When an auditory stimulus is repeated at a fixed rate or frequency, it

drives the auditory steady-state response (ASSR) in EEG/MEG at the same rate (Galambos

et al., 1981). Although higher and lower frequencies have been tested, the ASSR reaches a

maximum at a 40 Hz repetition rate (Galambos, Makeig, 1981, O'Donnell et al., 2004,

Pastor et al., 2002). This maximum could be due to the phase-synchronized overlap of

individual GBRs that span 100 ms and linearly summate to produce a peak ASSR amplitude

when stimuli are presented every 25 ms (i.e., at a 40 Hz frequency) (Bohorquez and

Ozdamar, 2008). Alternatively, the 40 Hz ASSR may reflect distinct physiological

properties of the circuitry subserving gamma band oscillations that only emerge when the

circuits are externally driven at 40 Hz (Pantev, Elbert, 1993, Plourde, 2006, Ross et al.,

2005). Synthetic 40 Hz ASSRs, constructed with auditory GBRs, have been compared to the

40 Hz ASSR in order to address whether they represent physiologically distinct phenomena

(Bohorquez and Ozdamar, 2008, Plourde and Villemure, 1996, Presacco et al., 2010,

Santarelli et al., 1995). However, we are unaware of any study that directly correlated the

two measures. In addition, despite multiple reports of abnormal GBR (Hall et al., 2011, Hall

et al., 2009, Hirano et al., 2008, Leicht et al., 2010, Lenz et al., 2010, Roach and Mathalon,

2008, Teale et al., 2008) and 40 Hz ASSR (Brenner et al., 2003, Hamm et al., 2011,

Krishnan et al., 2009, Kwon et al., 1999, Light et al., 2006, Spencer et al., 2009, Spencer et

al., 2008, Teale, Collins, 2008, Vierling-Claassen et al., 2008, Wilson et al., 2008) in

schizophrenia, no study has examined the relationship between these measures in the same

patient sample to determine if they reflect distinct pathophysiological processes.

Accordingly, the present study examines the relationship between GBR and ASSR in

healthy controls and patients with schizophrenia, and further compares the relative

sensitivity of these measures to the pathophysiology underlying deficient gamma

oscillations in schizophrenia.

The transient auditory GBR to the onset of a sound is of interest to multiple disciplines,

including audiology, anesthesiology, cognitive neuroscience, and psychiatry. It was initially

viewed as a reflection of sensory registration (Basar, 1972, Pantev, Makeig, 1991), having

potential applications in audiology for determining hearing thresholds (Galambos, Makeig,

1981) and in anesthesiology for confirming consciousness (Dutton et al., 1999, Plourde and

Villemure, 1996). The auditory GBR latency (20–100ms) and frequency (40 Hz) overlap

with the auditory middle latency response (MLR) (Galambos, Makeig, 1981), but MEG

studies have identified separate cortical generators of each (Pantev, Elbert, 1993, Ross et al.,

2002). Throughout this text, GBR refers to the transient gamma oscillation that occurs in the

MLR temporal window of the auditory evoked potential, which is typically estimated using

some form of spectral decomposition to isolate the 40 Hz contribution to the signal.

Research showing GBR sensitivity to physical stimulus characteristics (Schadow et al.,

2007) as well as attention (Debener et al., 2003, Tiitinen et al., 1993) indicates both bottom-
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up and top-down influences on this component, broadening potential research applications.

As described below, GBR abnormalities have also been observed in schizophrenia.

The ASSR, particularly when the rate of stimulation is 40 Hz, is also relevant to research in

various fields. In the first report of the 40 Hz ASSR, Galambos et al (Galambos, Makeig,

1981) theorized that the 40 Hz ASSR was nothing more than the sum of overlapping GBRs

that can be recorded efficiently by taking advantage of the phase overlap of successive

GBRs when stimuli are presented every 25 ms, allowing a large number of stimuli to be

presented in a relatively short time period (Galambos, Makeig, 1981). This initially made

the measure appealing to audiology and anesthesiology researchers because it was a more

efficient method of GBR data collection. However, Galambos’ seminal theory of 40 Hz

ASSR generation was challenged by converging evidence: failed attempts to build ASSRs

synthetically by superimposing GBRs (Plourde and Villemure, 1996, Santarelli, Maurizi,

1995); the differential effects of anesthetics on GBRs and ASSRs (Plourde and Villemure,

1996), and MEG evidence of non-overlapping generators in auditory cortex (Pantev, Elbert,

1993, Ross, Picton, 2002). Moreover, unlike the transient GBR, the ASSR takes 200–300ms

to reach a stable magnitude and is perturbed for more than one gamma cycle if a short noise

burst is presented within the driving stimulus (Krishnan, Hetrick, 2009, Ross, Herdman,

2005). However, a compelling quantitative approach using low-jitter steady-state stimulation

and deconvolution to extract the transient GBR from within the ASSR has provided new

support for the overlapping GBR theory of ASSR generation (Bohorquez and Ozdamar,

2008, Presacco, Bohorquez, 2010). Thus, whether the ASSR represents the summation of

superimposed GBRs or the two components represent distinct neural phenomena is still a

matter of some debate in the literature.

Despite the controversy over its relationship to GBR, the 40 Hz ASSR has continued to be

of interest in many disciplines, especially because of the evidence implicating gamma

oscillations in the synchronization of neural activity across distributed brain regions (Gray

and Singer, 1989) and in the associated coding (Buzsaki and Draguhn, 2004) and binding of

information necessary for the formation of percepts (Tallon-Baudry et al., 1997). This

interest has been particularly prominent in schizophrenia research because of the

dependence of gamma band oscillations on neurotransmitter receptors implicated in the

illness, particularly gamma-aminobutryic acid (GABAA) (Deng and Huang, 2006,

Gonzalez-Burgos and Lewis, 2008, Hashimoto et al., 2003, Impagnatiello et al., 1998, Lewis

et al., 2008, Lewis et al., 2005, Sohal et al., 2009) and glutamatergic N-methyl-D-aspartate

(NMDA) (Coyle et al., 2003, Doheny et al., 2000, Krystal et al., 2002, Roopun et al., 2008)

receptors.

Selective deficits in 40 Hz ASSR in schizophrenia were first reported by Kwon et al (Kwon,

O'Donnell, 1999). Subsequent ASSR studies have replicated this reduced 40 Hz ASSR

deficit in schizophrenia (see (Brenner et al., 2009) for a review) except in one case (Hong et

al., 2004). Early auditory GBR abnormalities in schizophrenia were first reported by

Clementz et al (Clementz et al., 1997), a finding that has been replicated by some but not

other subsequent studies (see (Gandal et al., 2012) for a review). Both 40 Hz ASSR and

GBR abnormalities have been found in the first-degree relatives of schizophrenia patients

(Hong, Summerfelt, 2004, Leicht et al., 2011), suggesting that abnormal gamma oscillations
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in response to auditory stimuli may be an endophenotypic marker of genetic risk for the

illness. Despite this accumulating literature, few studies have reported both single stimulus

GBR and 40 Hz ASSR abnormalities in the same sample of schizophrenia patients

(Krishnan, Hetrick, 2009, Teale, Collins, 2008), with no studies to date providing direct

comparisons of the two in terms of their sensitivity to schizophrenia. Moreover, no studies

have reported on the correlation between the gamma abnormalities obtained from the two

methods in the same patient sample. This issue is important because of the evidence

described above suggesting that 40 Hz ASSR and the transient auditory GBR may reflect

distinct physiological processes.

Accordingly, we asked if the ASSRs elicited by passive, steady-state stimulation at 40 Hz

and the transient GBR elicited by a single auditory stimulus converge in patients with

schizophrenia and in healthy controls. Furthermore, we asked whether gamma band

oscillation abnormalities in schizophrenia are more pronounced when based on ASSR or

GBR measures. Specifically, the following hypotheses were tested: 1) Schizophrenia

patients show selective 40 Hz ASSR deficits in EEG power and phase synchrony, relative to

20 and 30 Hz ASSR conditions. 2) Schizophrenia patients show deficits in the power and

phase synchrony of the transient GBR to single tones. 3) 40 Hz ASSR and the transient GBR

measures are differentially sensitive to the pathophysiology of schizophrenia. 4) However,

40 Hz ASSR and the transient GBR show at least some correlation or convergence in

schizophrenia patients and healthy controls. 5) Despite the relationship, the deficits in the 40

Hz ASSR in schizophrenia patients cannot be fully accounted for by their deficits intransient

GBR, consistent with the measures being sensitive to at least some distinctive

pathophysiological processes.

Methods and Materials

Participants

EEG data were acquired from 33 patients with schizophrenia or schizoaffective disorder and

26 healthy comparison subjects. Data from one patient and one control were excluded due to

outlier EEG values (> 3 SD above group mean for multiple measures). Four other patients

were excluded because more than 30% of trials in one or more conditions were rejected by

automated artifact inspection routines. There were 28 patients with schizophrenia (n=18) or

schizoaffective disorder (n=10) (SZ) and 25 healthy comparison (HC) subjects remaining.

The demographic and clinical data for these subjects are summarized in Table 1.

SZ patients were recruited from inpatient and outpatient services of the Connecticut Mental

Health Center and the Veterans Affairs Healthcare System in West Haven, CT. All SZ were

on stable doses of antipsychotic medications for at least two weeks prior to testing and met

DSM-IV criteria for schizophrenia or schizoaffective disorder based either on the diagnosis

from a Structured Clinical Interview for DSM-IV (First and Frances, 1995) conducted by a

psychiatrist or psychologist, or by consensus of a SCID interview conducted by a trained

research assistant and a clinical interview by a psychiatrist or psychologist. Patient symptom

severity was assessed using the Positive and Negative Syndrome Scale (PANSS) (Kay et al.,

1987). SZ were excluded if they met DSM-IV criteria for alcohol or drug abuse within one

month prior to the recording session. In addition, SZ and HC subjects were excluded for

Roach et al. Page 4

Suppl Clin Neurophysiol. Author manuscript; available in PMC 2014 September 16.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



head injuries resulting in a greater than 30 minute loss of consciousness, neurological

disorders, significant hearing loss in either ear, or other medical illnesses compromising the

central nervous system.

HC were recruited by posted advertisements and word-of-mouth, screened by telephone

using SCID screening questions (First and Frances, 1995) and excluded for any history of a

major Axis I psychiatric disorder based on the SCID. All subjects provided written informed

consent to participate in this study approved by the Yale Human Investigation Committee.

Experimental Paradigms

Auditory Steady State Response Paradigm—The ASSR paradigm was similar to the

one used by Kwon et al (Kwon, O'Donnell, 1999). Subjects were seated comfortably in a

sound-attenuated booth and listened to sounds while maintaining visual fixation on a white

cross centered on a black screen. The sounds consisted of trains of 1-millisecond rarefaction

clicks presented at a frequency of 20 Hz (9 clicks, 1 every 50 ms), 30 Hz (14 clicks, 1 every

33.33 ms), or 40 Hz (19 clicks, 1 every 25 ms). Each frequency was presented in a separate

block of 150 click trains with a 700 ms inter-stimulus interval, using a uniform block order

(20 Hz, 30 Hz, 40 Hz) across subjects. Sounds were delivered via headphones at 80dB SPL

through a STIM audio box (Compumedics Neuroscan).

Gamma Band Response Paradigm—We assessed the transient GBR elicited by the

standard tones presented as part of a three-stimulus auditory oddball task, described in more

detail elsewhere (Ford et al., 2008, Mathalon et al., 2010). The high probability (p=.7)

standard stimuli were 500Hz, 50 ms tones presented with a stimulus-onset asynchrony of

1.25 sec 210 times over the course of the task. Sounds were delivered at 80dB SPL in the

manner described above for the ASSR paradigm. In terms of paradigm order, the auditory

oddball task was always presented first, and the ASSR paradigm was always last.

EEG Acquisition

EEG data were acquired at 1000 Hz from 26 sites (F7, F3, Fz, F4, F8, FT7, FC3, FC4, FT8,

T3, C3, Cz, C4, T4, TP7, CP3, CP4, TP8, T5, P3, Pz, P4, T6, O1, Oz, O2), 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 10kOhm throughout the recording session with

most EEG sites below 5kOhm.

Single trial EEG epochs were stimulus-locked to the onset of each click train or standard

tone, including data from 300 ms before the start of the sound and 900 ms after it. Individual

trials were baseline corrected using the 100 ms period preceding sound onset after correcting

for eye movements and blinks using EOG data (Gratton et al., 1983). Finally, trials

containing artifacts (voltages exceeding ±75 µV) in any of the central 9 electrodes examined

in the present study (F3, Fz, F4, C3, Cz, C4, P3, Pz, or P4) were rejected.
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EEG Time-Frequency Analysis: Phase-Locking Factor and Total Power

Time-frequency analysis of EEG single trial data was done with a Morlet wavelet

decomposition using freely distributed FieldTrip (http://fieldtrip.fcdonders.nl/) software in

Matlab (http://www.mathworks.com/products/matlab/). This method has been described

previously (Tallon-Baudry, Bertrand, 1997), but it is important to note the specific

parameters used here. The Morlet wavelet 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 a

classic wavelet analysis, C is a constant, ensuring an equal number of cycles in the mother

wavelet for each frequency. Such an approach was used to create wavelets for the GBR

analysis, as was done in our prior study (Roach and Mathalon, 2008). In this approach, as

the frequency (f) increases, the spectral bandwidth (6σf) increases. In the ASSR analysis, the

constant (C) was varied (20 Hz C= 7; 30 Hz C=10.5; 40 Hz C=14) such that the spectral

bandwidth was equal (6σf =17.1429 Hz) at 20, 30, and 40 Hz, minimizing frequency overlap

without excessive loss of temporal resolution. For the remaining 1 Hz bins calculated, C was

7 for frequencies less than 20, 14 for frequencies greater than 40, and linearly spaced

between 7 and 14 for frequencies between 20 and 40 Hz. This method was used to

decompose single trial time-frequency values between 10 and 100 Hz for the central nine

electrodes.

After applying this method, phase-locking factor (PLF) was calculated as 1-minus the

circular phase angle variance, as described by Tallon-Baudry et al (Tallon-Baudry, Bertrand,

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 10log10

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), as this

calculation is equivalent to

Statistical Analysis

ASSR PLF and total power values were extracted by averaging the data across a 200–400

ms time window in 5 Hz bins centered on 20, 30, and 40 Hz, representing the response at

each driving frequency. The time window was selected to capture a stable SSR period

between onset and offset of the response. Each of these time-frequency measures was

subjected to a 3-way repeated measures analysis of variance (ANOVA) with Group (SZ,

HC) as a between-subjects factor, and Frequency (20, 30, 40 Hz) and Lead (Fz, Cz) as

within-subjects factors.

Transient GBR PLF and total power values from the time-frequency analysis of oddball task

standard tones were extracted by averaging across 35 to 50Hz frequencies within the 20 to
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60 ms post-stimulus time window, as done previously (Roach and Mathalon, 2008). Each of

these time-frequency measures was subjected to a 2-way repeated measures ANOVA with

Group (SZ, HC) as the between-subjects factor and Lead (Fz, Cz) as the within-subjects

factor.

To test the sensitivity of these paradigms to the presence of schizophrenia, 40 Hz ASSR and

standard tone GBR time-frequency measures (PLF and total power) were analyzed using a

3-way ANOVA with Group (SZ, HC) as the between-subjects factor, and Paradigm (ASSR,

GBR) and Lead (Fz, Cz) as within-subjects factors.

Analysis of Covariance (ANCOVA) models were applied to the 40 Hz ASSR measures with

Group (SZ, HC) as the between-subjects factor and GBR as the covariate. This was done

separately for PLF and total power measures averaged over the 2 electrodes. After first

ruling out significant slope differences between the two groups, the ANCOVA model

allowed us to assess a) whether there was a significant relationship between the 40 Hz ASSR

and standard tone GBR, and b) whether the group difference in 40 Hz ASSR persisted after

controlling for GBR.

In addition, based on a prior study showing intact or enhanced 40 Hz ASSR power and PLF

in patients with schizoaffective disorder (Reite et al., 2010), ANOVA was used to compare

the subgroup of schizoaffective disorder (SAD) patients with the remaining SZ patients and

the HC subjects on both the 40 Hz ASSR and GBR total power and PLF measures.

To examine relationships between clinical symptoms and gamma band measures in the SZ

group, we conducted Pearson correlations between PANSS positive and negative symptom

sub-scale scores and the PLF and total power measures assessed in the 40 Hz ASSR and

GBR paradigms.

All p-values are Greenhouse-Geisser corrected when appropriate and higher order

interactions were parsed with lower order ANOVAs.

Results

ASSR

Results of the 3-way repeated measures ANOVAs for the PLF and total power measures

from the ASSR paradigm are presented in Table 2. Because our focus was on examining

group differences in these measures, we primarily describe the highest order significant

interaction effects involving Group, or in the absence of interactions, the main effects of

Group.

PLF—As can be seen in Table 2, the 3-way Frequency X Lead X Group interaction was not

significant. However, there was a trend (p=.072) towards a significant Frequency x Group

interaction. To parse this interaction, separate ANOVAs were conducted for each

Frequency. The models examining 20 Hz and 30Hz driving frequencies revealed no

significant Group effects, but a significant effect did emerge for the 40 Hz model (p =

0.025). This effect was driven by greater 40 Hz ASSR in HC compared to SZ (Figure 2,

left).
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There were some additional significant effects worth noting. A significant main effect of

Frequency indicated, as expected, that 40 Hz driving produces a significantly greater PLF

than 30 and 20 Hz driving frequencies (p<.001), and further, that 30 Hz PLF was

significantly greater than 20 Hz PLF (p<.001). There was a significant Lead effect due to

greater responses at Fz than Cz (p<.001). A significant Frequency x Lead interaction

indicated that the stronger Fz PLF relative to Cz PLF was most pronounced for the 40 Hz

driving condition.

Total Power—Table 2 shows that, like PLF, the 3-way interaction was not significant.

However, there was a significant Frequency x Group interaction. To parse this interaction,

separate ANOVAs were conducted for each Frequency. The models examining 20 Hz and

30Hz driving frequencies revealed no significant Group effects, but a significant effect did

emerge for the 40 Hz model (p=0.04) due to reduced 40 Hz total power in SZ (Figure 2,

right).

A significant main effect of Frequency matched the PLF pattern with significantly greater 40

Hz driving power compared to 30 and 20 Hz driving frequencies (p<.001), while 30 Hz

power was significantly greater than 20 Hz power (p<.001). Similar to PLF, a significant

Frequency x Lead effect was due to enhanced Fz power relative to Cz, which was most

pronounced for the 40 Hz driving condition.

GBR

Results of the 2-way repeated measures ANOVAs for the PLF and total power measures

from the GBR paradigm are presented in Table 2.

PLF—There were main effects of Group and Lead. As previously reported (Roach and

Mathalon, 2008), HC showed greater PLF GBRs than SZ, and Fz was greater than Cz (p< .

001), but Lead did not interact with Group.

Total Power—Much like PLF, there was a group difference in total power (HC > SZ). A

main effect of Lead was driven by greater power at Fz compared to Cz (p<.001), but Lead

did not significantly interact with Group.

Comparing GBR and ASSR data

Results of the 3-way repeated measures ANOVAs for the PLF and total power from the

paradigm comparison are presented in Table 3. We focus on the main effect of Paradigm

and its interactions below because other effects are redundant with the individual paradigm

models.

PLF—There was a main effect of Paradigm driven by greater PLF in 40 Hz ASSR

compared to GBR. While the Group X Paradigm interaction failed to reach significance,

there was a significant Group X Paradigm X Lead interaction. This interaction was parsed

by conducting 2-way ANOVAs for each level of the third factor (Table 3). The main source

of the 3-way interaction was the presence of a significant Paradigm X Lead interaction in SZ

(p < .001) but not HC (p = .289). Inspection of Figure 3 (bottom left) indicates that in SZ,
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that there was a greater drop off in PLF from Fz to Cz for the 40 Hz ASSR paradigm than

for the GBR paradigm, resulting in a greater paradigm difference at Fz than at Cz. In

contrast, HC showed comparable declines in PLF from Fz to Cz across the two paradigms,

resulting in equivalent paradigm effects at each lead. Interestingly, when 2-way Group x

Paradigm ANOVAs were run at each lead, there was only an interaction trend (p=.082) at

Cz and a non-significant interaction at Fz. Thus, while there was a tendency for the Group

effect at Cz to be larger for the ASSR paradigm (p=.021) than for the GBR paradigm (p=.

045), the difference was quite modest and failed to reach statistical significance.

Total Power—The total power model produced the same Paradigm effect as PLF

(ASSR>GBR) (Figure 3, right panel). The Group X Paradigm and Group X Paradigm X

Lead interactions both failed to reach significance.

Relationship Between GBR and ASSR

PLF—The group difference in the 40 Hz ASSR PLF, controlling for GBR PLF, was

assessed using an ANCOVA after ruling out a group difference in the slopes of the ASSR

vs. GBR regression lines (Group X GBR interaction: F(1,49) = .644, p = .426) and dropping

the interaction term from the model. In the resulting model (See Table 4), GBR PLF was

directly related to 40 Hz ASSR PLF (p = .018; Figure 4, left). Controlling for the GBR, the

Group effect (i.e., group difference in regression line intercepts shown in Figure 4, left) did

not reach significance (p = .139).

Total Power—After establishing that the ASSR vs. GBR regression line slopes were

equivalent between the groups (Group X GBR interaction: F(1,49) = .313, p = 0.578) and

dropping the interaction term, an ANCOVA model (see Table 4) examined group

differences in 40 Hz ASSR total power while covarying for GBR. GBR total power showed

a trend toward a significant positive relationship (p = .069) with ASSR total power (Figure

4, right). Controlling for this relationship, the Group effect (i.e., group difference in

regression line intercepts shown in Figure 4, right) on 40 Hz ASSR total power was not

significant (p = .152).

Schizoaffective Disorder Subgroup Analysis

The ANOVA planned contrasts comparing the subgroup of SAD patients with HC subjects

showed significant or trend level reductions in the SAD patients across gamma measures

and paradigms (40 Hz ASSR: PLF (p=.032), total power (p=.073); GBR: PLF (p=.009), total

power (p=.032). The SAD and SZ patient subgroups did not significantly differ from each

other on any of the gamma measures (40 Hz ASSR: PLF (p=.444), total power (p=.531);

GBR: PLF (p=.176), total power (p=.394)).

Symptom Correlations

In the SZ patients, PANSS positive and negative symptom sub-scale scores were not

significantly correlated with PLF or total power for the 40 Hz ASSR and GBR measures at

Fz and Cz (all p-values > .29).
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Discussion

In this study, we assessed 40 Hz ASSRs and GBRs in patients with schizophrenia (including

schizoaffective patients) and healthy control subjects, comparing the groups on each

paradigm and examining the relative sensitivity of each paradigm to schizophrenic

pathophysiology. Patients showed abnormal reductions in auditory gamma band phase

synchrony and total power when assessed as an ASSR to 40 Hz click trains or as a GBR to

standard tones from an oddball task. These results indicate that schizophrenia is associated

with both deficient phase resetting and diminished magnitude of gamma oscillations in

response to auditory stimuli. In addition, the 40 Hz ASSR and auditory GBR were only

modestly correlated, sharing only about 5–10% of their variance. Despite the limited overlap

between the ASSR and GBR measures, they converged in their sensitivity to the

pathophysiology of schizophrenia. The equivalent sensitivity to schizophrenia was

demonstrated by the lack of a significant Group X Paradigm interaction as well as the

elimination of the 40 Hz ASSR group effect after controlling for auditory GBR differences.

Thus, while the 40 Hz ASSR and GBR measures are largely independent, they do not appear

to provide unique information about auditory gamma oscillation phase consistency or

magnitude abnormalities in schizophrenia.

In many respects, our independent ASSR and GBR results are consistent with other studies

in the literature. Like most (Krishnan, Hetrick, 2009, Light, Hsu, 2006, Spencer,

Niznikiewicz, 2009, Spencer, Salisbury, 2008, Teale, Collins, 2008), but not all (Hamm,

Gilmore, 2011), prior reports, we found a reduction in the PLF, or phase consistency across

trials, of the 40 Hz ASSR in SZ patients. We also found reduced auditory GBR PLF,

consistent with our prior report (Roach and Mathalon, 2008) from a patient sample that

partially overlapped with the current sample, and replicating some (Hall, Taylor, 2009,

Hirano, Hirano, 2008, Leicht, Kirsch, 2010), but not all (Krishnan, Hetrick, 2009, Spencer et

al., 2007, Teale, Collins, 2008), prior studies. Further, reduced total power in SZ relative to

HC in both the 40 Hz ASSR and GBR measures replicates the findings of Krishnan et al

(Krishnan, Hetrick, 2009).

Few prior studies have simultaneously examined the 40 Hz ASSR and transient auditory

GBR in the same patient sample, and of those that have (Krishnan, Hetrick, 2009, Teale,

Collins, 2008), none have directly compared their sensitivity to the SZ effect. We predicted

that 40 Hz ASSR power and phase measures would better differentiate SZ from HC than

auditory GBR, in part based on the stronger signal (i.e., greater phase synchrony across trials

and greater magnitude) associated with the ASSR relative to the GBR paradigm. However,

our results failed to support this hypothesis, instead showing the schizophrenia effect sizes

to be statistically equivalent for the 40 Hz ASSR and GBR measures. Moreover, although

the GBR and 40 Hz ASSR measures were only modestly related for PLF and total power

measures, controlling for their shared variance eliminated the significant schizophrenia

group difference in the 40 Hz ASSR phase and magnitude. This suggests that it is the

physiological mechanisms shared by the GBR and 40 Hz ASSR, rather than the independent

aspects of their underlying physiology, that are compromised in schizophrenia.
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The relatively small correlation between the GBR and 40 Hz ASSR measures is not

consistent with the view, originally proposed by Galambos and colleagues (Galambos,

Makeig, 1981) that the 40 Hz steady-state response consists of nothing more than

overlapping phase synchronized auditory GBRs (also referred to in the time domain as

middle-latency responses; MLRs), or similarly, that the 40 Hz ASSR can be constructed by

superimposition of MLRs evoked by auditory stimuli spaced roughly 25 ms apart

(Bohorquez and Ozdamar, 2008). However, the small correlation between the ASSR and

GBR is consistent with other lines of evidence suggesting that the measures are not

equivalent. This evidence includes observations that the 40 Hz ASSR takes about 200 ms to

plateau and is disrupted for multiple cycles when perturbed with irregular stimulation in the

middle of an amplitude modulated steady-state tone (Krishnan, Hetrick, 2009, Ross,

Herdman, 2005). Furthermore, even studies of deconvolved and synthetically constructed 40

Hz ASSRs have documented unpredictable onset characteristics in the response that must be

further explored (Presacco, Bohorquez, 2010). Additional evidence of distinct processes

contributing to the GBR and ASSR comes from source localization studies implicating

different generators of each response in the primary auditory cortex (Pantev, Elbert, 1993,

Ross, Picton, 2002) or ASSR-specific subcortical generators, such as bilateral posterolateral

portions of the cerebellar hemispheres (Pastor, Artieda, 2002). In addition, differences in

task features in our study may have weakened any intrinsic correlation between the GBR

and ASSR measures. Bottom-up modulation of the GBR has been demonstrated by

manipulating stimulus intensity (Schadow, Lenz, 2007), raising the possibility that

differences between the physical characteristics of the auditory stimuli used in our GBR and

ASSR paradigms may have attenuated the correlation between them. Specifically, because

of the tonotopic organization of the auditory cortex, the broadband white noise clicks used to

elicit ASSRs would be expected to activate a larger neural population than the pure tones

used to elicit the GBRs, resulting in greater phase consistency across trials and larger event-

related increases in power. Further attenuation of the relationship between the measures

could have arisen from the top-down attentional processes directed toward the auditory

stream during the oddball task used to assess the GBR, processes that would not have been

engaged during the passive presentation of click trains used to assess the ASSR.

Yet another factor that may have attenuated the relationship between the GBR and ASSR

and is the presence of more noise in the GBR signal relative to the ASSR, which benefits

from enhanced signal-to-noise due to the overlapping MLRs. The literature on test-retest

reliability of ASSR is limited to clinical studies of hearing levels in audiology research (Kaf

et al., 2006), or frequency-based fast-Fourier transformation measurements of evoked power

(van Deursen et al., 2011). However, reliability of evoked power and phase consistency

across repeated test sessions has been demonstrated in the visual domain (Frund et al.,

2007). Future studies are needed to assess test-retest reliability of the PLF and total power of

40Hz ASSR and GBR since unreliability of one or both measures may account for their

modest correlation. Moreover, establishing that these measures are reliable in schizophrenia

patients is a pre-requisite for using them to track treatment response or illness progression.

A prior study of the 40 Hz ASSR that specifically compared SAD patients to SZ patients

and HC found that while SZ patients had abnormally reduced PLF, SAD patients had normal

PLF, and further, had greater 40 Hz evoked power than both HC and SZ (Reite, Teale,
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2010). Examining the sub-group of SAD patients included in our patient sample (n=10), we

failed to replicate this pattern of results. In our sample, the SAD patients showed significant

reductions in both 40 Hz ASSR and GBR PLF relative to HC. Similar effects were observed

for the total power measures. In no case did the SAD and SZ patient sub-groups differ from

each other. In both the current study and the prior report by Reite and colleagues (Reite,

Teale, 2010), the number of SAD patients was relatively small, suggesting that sampling

error may account for the conflicting results between the two studies. However, our results

in SAD patients are broadly consistent with reports of 40 Hz ASSR reductions in patients

with affective psychoses (Spencer, Salisbury, 2008) and bipolar disorder (O'Donnell,

Hetrick, 2004), suggesting that disturbances in gamma oscillations may be associated with

psychotic syndromes across the schizophrenia-affective disorder spectrum.

In addition to gamma oscillations in response to auditory stimuli, EEG gamma activity has

been implicated in registration of stimuli in other sensory modalities, as well as in higher

order cognitive processes like perceptual binding (Tallon-Baudry, Bertrand, 1997) and

cognitive control (Cho et al., 2006, Lewis, Cho, 2008, Minzenberg et al., 2010). It remains

unclear whether the 40 Hz ASSR and auditory GBR measures of gamma oscillations

assessed in the current study are correlated with the gamma activity elicited by stimuli

presented in other sensory modalities or during more cognitively demanding tasks. If visual,

olfactory, and somatosensory GBRs, as well as gamma responses elicited by higher order

cognitive tasks, correlate with the auditory GBR, the hypothesis that gamma oscillations

measured by EEG reflect ubiquitous pan-cortical assemblies of similar local circuits, such as

interneuron-pyramidal cell networks, would be supported. This might suggest that auditory

gamma band measures could serve as proxies for measures of gamma activity across cortical

regions, regardless of the sensory system or cognitive process engaged. Arguing against this

possibility are the roles attention (Ross et al., 2004, Skosnik et al., 2007) and arousal

(Griskova et al., 2007) play in modulating the phase consistency of the 40 Hz ASSR across

trials and its event-related change in power. Skosnik et al (Skosnik, Krishnan, 2007) used

20Hz and 40Hz steady-state stimuli as frequent and infrequent stimuli in an oddball

paradigm, revealing 40Hz ASSR PLF and evoked power enhancement on 40Hz targets

relative to 40Hz standards even after matching the trial numbers for each stimulus type.

These results support the literature showing gamma-band ASSR enhancement with

increased attention (Bidet-Caulet et al., 2007, Ross, Picton, 2004, Saupe et al., 2009a, Saupe

et al., 2009b). Thus, if ASSRs or GBRs are a proxy for other methods of eliciting gamma

band responses, attention must be controlled. Krishnan et al (Krishnan, Hetrick, 2009) used

a visual task to address potential differences in attention between patient and control groups

during passive listening and found phase-locking and power reductions in SZ similar to

those described here and elsewhere (Brenner, Sporns, 2003, Kwon, O'Donnell, 1999, Light,

Hsu, 2006, Spencer, Niznikiewicz, 2009, Spencer, Salisbury, 2008) despite the failure to

control attention with a visual distracter task in these latter studies. However, to our

knowledge, there have been no studies comparing the ASSR between SZ and HC while

explicitly directing subject attention to the auditory stimuli by making them task relevant.

Thus, it remains uncertain whether the schizophrenia deficits in the 40 Hz ASSR can be

ameliorated by enhancing attention to the auditory stimuli.
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All patients in our study were on either typical, atypical, or a combination of typical and

atypical antipsychotic medications, creating a medication confound for the patient vs.

control comparisons. Prior literature addressing the role of antipsychotic medication in

modulating gamma oscillations is sparse and equivocal. One study of 40 Hz ASSR showed

enhanced evoked power in SZ on atypical antipsychotics relative to both SZ on typical

antipsychotics and HC (Hong, Summerfelt, 2004). However, these differences were not

replicated in a larger sample (Light, Hsu, 2006).

In conclusion, patients with schizophrenia show deficits across time-frequency

decompositions of gamma oscillations in both steady-state and oddball paradigms. Both

phase and power measures of 40 Hz ASSR and GBR seem to be sensitive to the same

pathophysiological process in schizophrenia, despite only being modestly correlated. Indeed,

results from our study suggest that each paradigm provides essentially the same information

about auditory gamma band abnormalities in schizophrenia, despite the overall enhancement

of both phase-resetting and event-related changes in power in the 40 Hz ASSR relative to

the GBR. Thus, collecting both paradigms appears to offer little or no advantage relative to

using just one of the paradigms, an important consideration when developing an EEG/ERP

battery for schizophrenia studies.
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Figure 1.
Grand average time-frequency maps from 25 healthy controls (HC) and 28 schizophrenia

patients (SZ) are plotted with frequencies on the y-axis and time on the x-axis. Gamma Band

Responses are plotted on the top row while Auditory Steady-State Responses for 20, 30, and

40 Hertz (Hz) driving conditions are shown on the second, third, and fourth rows

respectively. Dark red colors indicate little phase variance across trials in the first two

columns, whereas dark blue colors indicate equally distributed phase variance across trials.
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In the third and fourth columns, total power data are plotted in deciBel units, with dark red

and blue showing magnitude increases or decreases relative to a 100 millisecond baseline.
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Figure 2.
Healthy control (HC, solid lines) and schizophrenia (SZ, dashed lines) group mean time-

frequency data for 40 Hertz (Hz) (black), 30 Hz (green) and 20 Hz (orange) driving

conditions are plotted for Phase-locking Factor (PLF) (left), and total power (right) measures

on the top row. The rate of change (i.e. slope) in 20 millesecond (ms) increments from each

measure in all conditions are plotted on the bottom row. All values are based on the group

average taken in bands ±2Hz around the stimulated frequency. Gray shading between 200

and 400 ms highlights the period of the auditory steady-state response with greatest stability

across all conditions, groups, and measures.
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Figure 3.
Healthy control (HC, blue lines) and schizophrenia (SZ, red lines) group means and standard

error bars from gamma band response (GBR) and 40 Hertz auditory steady-state response

(ASSR) conditions at electrodes Fz and Cz are plotted for phase-locking factor (PLF) (left)

and total power (right).
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Figure 4.
The relationship between standard tone gamma band response (GBR: x-axis) and 40 Hertz

(Hz) auditory steady-state response (ASSR: y-axis) is illustrated with separate scatter plots

for phase-locking factor (PLF, left) and total power (right). Each point represents single

subject (schizophrenia(SZ): red square; Healthy Control (HC): blue circle) data, averaged

across 35–50 Hz and 20–60 milleseconds (ms) for the GBR or across 38–42 Hz and 200–

400 ms for the ASSR. Regression lines are plotted separately using the common slope and

separate intercepts for each group (SZ: red; HC: blue) to show the relationship between

paradigms for PLF (partial r (controlling for Group) = .326, p = .018) and total power

(partial r (controlling for Group) = .254, p = .069).
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