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Abstract

Auditory sensory gating, assessed in a paired-click paradigm, indicates the extent to which 

incoming stimuli are filtered, or “gated”, in auditory cortex. Gating is typically computed as the 

ratio of the peak amplitude of the event related potential (ERP) to a second click (S2) divided by 

the peak amplitude of the ERP to a first click (S1). Higher gating ratios are purportedly indicative 

of incomplete suppression of S2 and considered to represent sensory processing dysfunction. In 

schizophrenia, hallucination severity is positively correlated with gating ratios, and it was 

hypothesized that a failure of sensory control processes early in auditory sensation (gating) may 

represent a larger system failure within the auditory data stream; resulting in auditory verbal 

hallucinations (AVH).
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EEG data were collected while patients (N = 12) with treatment-resistant AVH pressed a button to 

indicate the beginning (AVH-on) and end (AVH-off) of each AVH during a paired click protocol. 

For each participant, separate gating ratios were computed for the P50, N100, and P200 

components for each of the AVH-off and AVH-on states. AVH trait severity was assessed using the 

Psychotic Symptoms Rating Scales AVH Total score (PSYRATS).

The results of a mixed model ANOVA revealed an overall effect for AVH state, such that gating 

ratios were significantly higher during the AVH-on state than during AVH-off for all three 

components. PSYRATS score was significantly and negatively correlated with N100 gating ratio 

only in the AVH-off state.

These findings link onset of AVH with a failure of an empirically-defined auditory inhibition 

system, auditory sensory gating, and pave the way for a sensory gating model of AVH.
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1. Introduction

Auditory verbal hallucinations (AVH) involve the perception of speech in the absence of 

external auditory stimulation. AVH often contain derogatory and threatening content, 

thereby increasing patient anxiety and possibly encouraging social withdrawal (Delespaul et 

al. 2002). While often benign, AVH have also been reported in non-clinical populations; yet 

the consequences and content of AVH in patients with schizophrenia tend to be more 

negative and severe. Many authors have linked the etiology of schizophrenia AVH to 

auditory processing abnormalities. For example, the efference-copy model of AVH 

developed by Ford and colleagues (2001, 2007, 2012), suggests that AVH arise from an 

impaired ability to correctly label auditory verbal processing as either internally self-

generated, or as externally generated. For example, Ford et al (2001) showed that a pattern 

of larger N100 response to externally-generated speech sounds relative to the N100 response 

to their own recorded speech sounds found in healthy controls was not observed in patients 

with schizophrenia. Similarly, other research has suggested that the auditory system of 

patients with schizophrenia may preferentially respond to emotionally salient or voice-like 

sounds, as indicated by increased reported detection of speech sounds in noise (Vercammen 

et al. 2008). Patients with more severe schizotypy have also been shown to report a stronger 

perception of emotionally salient voice sounds in noise (Galdos et al. 2011). In a parallel 

line of research, Woodruff et al (1997) showed that BOLD signal response in language-

processing areas of the brain in patients reporting hallucinations were reduced in response to 

speech sounds; they hypothesized that this result was due to competition between 

hallucinations and the external stimuli for temporal cortical processing sites.

One means of directly measuring auditory perceptual abnormality is by measurement of 

auditory sensory gating. When assessed in terms of a paired-click paradigm, sensory gating 

is one means of measuring modulation of incoming auditory information as early as 50 
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milliseconds into cortical processing. The paired-click paradigm involves presentation of 

two clicks in rapid succession. In the auditory event-related potential (AERP), a large 

reduction of the response to the second stimulus (S2) relative to that of the first (S1) is 

interpreted as effective suppression of redundant stimulus information, and a reduction of 

67% (S2/S1 = 1/3) or more is common in healthy neurotypical control subjects (Cromwell et 

al. 2008). Smaller reduction, or lack of reduced relative AERP amplitude to S2 is typical of 

patients with schizophrenia (Patterson et al. 2008). Two recent studies have directly tested 

the hypothesis that sensory gating, as a measure of schizophrenia abnormality of auditory 

perceptual processing, is related to AVH. Using the PANSS Item P3, a general measure of 

hallucination frequency and severity across sensory modalities, Faugère et al (2016) 

demonstrated higher AVH scores (item P3) in a group of schizophrenia patients with greater 

P50 sensory gating impairment relative to that of a group without P50 sensory gating 

impairment. Smith et al (2013) demonstrated a positive correlation between the extent of 

P50 sensory gating deficit and the severity of AVH, assessed with the psychotic symptom 

rating scales (PSYRATS).

Sensory gating ratios are stable across time and are extremely reliable in healthy 

neurotypical subjects (Rentzsch et al., 2008; Fuerst et al., 2007). In patients with 

schizophrenia, gating ratios can be far more variable (Smith et al., 1994), but the sources of 

that variability are unknown. The present study was designed to test whether auditory 

sensory gating is a state characteristic that varies as does AVH state (AVH-on versus AVH-

off), or whether it may be better considered as a trait marker for AVH. Using a button-press 

protocol to have patients indicate when AVH-related voices started and stopped, distinct 

periods of AVH-on and AVH-off were identified. It was predicted that if sensory gating is 

sensitive to state characteristics within the auditory processing system, sensory gating ratios 

would evince greater impairment during AVH-on than during AVH-off.

2. Experimental/Materials and methods

2.1. Participants

Participants were recruited through referral by other researchers, from the University of New 

Mexico Health Sciences Center and other community clinics, and through ads posted on 

bulletin boards throughout the Albuquerque metropolitan area. All data were collected only 

after review and approval of the study by the University of New Mexico Health Sciences 

Center Human Subjects Protections Office (HRPO). All participants provided written 

informed consent and were informed that they could leave the study at any time without 

penalty. Inclusion criteria required age range was 18–60 years old, and diagnoses of 

schizophrenia or schizoaffective disorder, which was confirmed with SCID-CV. All 

participants had a history of frequent AVH documented in the medical record, and AVH 

frequency of at least two AVH per hour mixed with non-AVH periods, as determined by a 

hallucination “diary” which was filled out across the week preceding scanning. Exclusionary 

criteria were history of head injury with more than 5 minutes of unconsciousness, diagnosis 

of neurological disorder or disease, and current alcohol or other substance dependence. All 

participants underwent urine analysis and Breathalyzer to exclude acute drug or alcohol 

intoxication during data collection. All scans were acquired at the Mind Research Network 
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(MRN) neuroimaging facility in Albuquerque, NM. Magnetoencephalography (MEG) data 

were simultaneously collected with EEG data for future analysis and structural MRI data 

were collected for signal localization. As these data were collected as part of a larger study, 

prior to enrollment, prospective participants’ head size was measured to assure they would 

fit within the MEG helmet and metal screening information was collected to assure that they 

were safe and comfortable within the MRI environment prior to study enrollment.

2.2. Data Collection Procedures

Twelve participants met all study criteria and completed the EEG scanning protocol. Of 

those, ten participants were administered the Positive and Negative Schizophrenia 

Syndromes Scale (PANSS; Kay et al., 1989) and the Psychotic Symptoms Rating Scales 

(PSYRATS; Haddock et al. 1999) on the day of scanning to assess the frequency and 

severity of their AVH. In the days prior to scanning, all participants were administered a 

structured button-press training course in which they were trained to reliably recognize the 

onset and off-set of AVH and to press appropriate buttons to indicate the beginning (AVH-

on) and end (AVH-off) of each AVH. Practice on button-press procedures was administered 

again immediately prior to scanning for review. To assure adherence to AVH-reporting 

procedures, participants were continuously monitored by study personal during scanning to 

assure that the sequencing of button presses were appropriate to the AVH-on and AVH-off 

pattern. Additionally, during data analysis, epochs occurring during periods in which there 

were multiple consecutive button presses with the same hand were considered artifactual and 

those data were removed from further analysis.

Participants were seated in a comfortable reclining chair in which head motion was 

minimized by the use of pillows and foam cushions around the head, neck, and if necessary, 

the lower back and under the knees. Participants were equipped with gloves fitted with 

buttons for right and left index fingers, indicating AVH-on with a single right-hand button 

press (and immediate release) and AVH-off with a single left-hand button press. All EEG 

data were collected in a single session. EEG data were collected with eyes open, and 

participants were instructed to gaze at a continuous fixation point (small black cross) 

projected on the center of a white projection screen placed 36 inches from their face. EEG 

scans were conducted in a magnetically shielded and acoustically insulated room 

(Vacuumschmelze GmbH & Co. KG).

Click stimuli were created with Audacity® software, were 3 milliseconds (ms) in duration, 

square-wave pulses with spectral power across the 8–22,000 Hz range. Stimuli were 

delivered using Presentation® software into the participant’s ear canal using Etymotic 

earphones. Foam ear inserts were affixed within both ears and hearing thresholds for click 

stimuli were determined for each ear, for each subject. Click intensity was set to 30 dB 

above the participant’s hearing threshold within the Presentation software. The Presentation 

software was tested independently using a sound meter to ensure that software dB settings 

were calibrated. Click pairs were then presented binaurally to the participant with a 500 ms 

inter-stimulus interval and variable inter-trial-intervals that varied pseudo-randomly by 1s 

intervals between 8 and 12 seconds.
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EEG data were collected using a 10–20 electrode array, but latency and amplitude 

measurements were computed on the basis of data derived from electrode Cz referenced to 

left earlobe. Maximum impedance of 10 kOhm was allowed for all electrodes. EEG data 

were digitized at 1200 Hz during data collection and down-sampled to 300 Hz offline prior 

to analysis. Eye motion was monitored within independent bipolar vertical electrooculogram 

(VEOG) and horizontal electrooculogram (HEOG). Epochs in which raw EEG or EOG 

amplitude greater than 100μV were discarded as artifacts and a minimum of 150 trials of 

artifact-free trials were collected for all participants. EEG highpass (0.1 Hz) and lowpass 

(330 Hz) filters were set to minimal system allowable levels during data collection.

After scanning, participants were administered a post-scan interview to review their 

experiences during scanning, including level of comfort during the scan, stress-level, and 

confirmation that button presses coincided with AVHs.

2.3. EEG Data Analysis Procedures

EEG waveforms were averaged off-line after initial data processing using Elekta Neuromag 

software and the MNE Suite (Gramfort et al., 2014), with trials averaged from 100 ms prior 

to stimulus onset to 450 ms post-stimulus onset. Epochs were first divided into bins for 

AVH-on and AVH-off conditions and within each bin data time-locked to S1 and S2 were 

averaged separately. Data were bandpass filtered at 1–30 Hz prior to assessment of ERP 

amplitude and latency using standard Elekta Neuromag filter software. Prestimulus baseline 

amplitude was computed in the averaged data from −100 to −10 ms prior to stimulus onset 

and was used for ERP normalization. The P50 component associated with S1 was defined as 

the most positive peak in electrode Cz occurring between 40 and 80 ms post stimulus. If two 

equal-amplitude peaks were present, the later peak was selected. Amplitude was measured 

relative to the immediately preceding negativity, though this trough could not have a latency 

less than 30 ms poststimulus (i.e. the trough search was stopped if a horizontal slope was not 

encountered by 30 ms poststimulus, and the 30 ms point was then used as the trough 

amplitude). The S1 amplitude was then computed as the difference between the P50 maxima 

and the minima associated with the preceding trough. The P50 component associated with 

S2 was defined as the most positive point at Cz following S2 onset within a latency range of 

±10 ms around the latency of the selected S1 P50 peak. S2 amplitude was calculated relative 

to the immediately preceding trough applying the same 30 ms latency limitation used for S1. 

The N100 component associated with S1 was operationalized as the largest negative 

deflection between 80 and 150 ms post-stimulus. The N100 component associated with S2 

was defined as the most negative trough following S2 onset within a latency range of ±15 ms 

around the latency of the selected S1 N100 peak. N100 peak amplitudes were computed as 

sum of the absolute value of the amplitude from the preceding P50 peak to the N100 minima 

(Hu et al., 2012). The P200 component associated with S1 was defined as the largest positive 

deflection between 150 and 250 ms post-stimulus. The P200 component associated with S2 

was defined as the most negative trough following S2 onset within a latency range of ±20 ms 

around the latency of the selected S1 P200 peak. P200 peak amplitudes were computed as 

the sum of the absolute value of the preceding N100 minima and the P200 maxima.
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2.4. AVH Assessment Procedures

AVH were assessed in two ways; as a state measure, participants pushing buttons to indicate 

AVH-on and AVH-off during scanning; and as a trait measure, based upon participants’ 

responses to items on the Psychotic Symptoms Rating Scales (PSYRATS; Haddock, 1999) 

AVH assessment. The PSYRATS is a multidimensional instrument, measuring AVH in terms 

of eleven scales scored using a Likert scale ranging from 0–4. A PSYRATS Total AVH score 

was computed as the sum of the PSYRATS scale scores for each participant.

3. Results

3.1. Participant Characteristics

Participants ranged in age from 29 to 55 years-old, with a mean age of 41. The group was 

comprised of eight males and four females. All participants PANSS Hallucinatory Behavior 

Scale scores were equal to four or greater. Aggregate AVH severity was assessed in terms of 

PSYRATS AVH Total score, which ranged from 22 to 37, with a mean of 29.67 and standard 

deviation of 5.41. PSYRATS scores and detailed clinical data were unavailable for two 

participants for whom only EEG and core diagnostic and demographic data were collected. 

Table 1 details the demographic and clinical information for each participant. In post-scan 

interviews, ten participants denied elevated stress levels during data collection and two 

reported mild elevations, one due to mild claustrophobia and one due to fatigue during 

scanning.

3.2. EEG Data Processing

Due to the nature of the symptom capture protocol, the number of epochs within each bin for 

AVH state varied across conditions. Mean number of epochs within the AVH-on state was 

56.75 (standard deviation = 22.84) and epochs for the AVH-off state was 49.50 (standard 

deviation = 24.09), which was not a significant difference (p = .64). For one participant, the 

number of epochs in the AVH-on state was 9 (AVH-off epochs = 79) and for a second, the 

number of epochs in the AVH-off state was 12 (AVH-on epochs = 42) and these data were 

removed from the analysis.

3.3. Auditory Sensory Gating

Distributions of gating ratios (S2/S1) all met Shapiro-Wilk criteria for normality. As such, 

gating ratios were analyzed using a mixed model ANOVA with component (P50, N100, 

P200) and AVH State (AVH-on, AVH-off) as independent variables. The main effect of 

Component was significant (F(2,10) = 6.48, p = .02, partial eta-squared = .62), indicating 

that gating ratios were highest for N100, across AVH state (see Table 2). The main effect of 

AVH state was also significant (F(2,10) = 8.58, p = .02, partial eta-squared = .49), such that 

gating ratios were significantly greater during the AVH-off condition than in the AVH-on 

condition. The two-way Component*AVH state interaction did not approach the level of 

significance (p = .86; partial eta-squared = .04), suggesting that the effect of AVH state on 

gating ratio was uniform across components.
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3.4. Analysis of ERP Amplitudes and Latencies

Figure 2 depicts grand-averaged waveforms for S1 and S2 in the AVH-on and AVH-off 

states.

Since gating ratios can vary based on either S1 or S2 amplitude in (μV), and because not all 

distributions of S1 and S2 amplitudes met criteria for normality, the effect of AVH state on 

AERP amplitudes was analyzed using Wilcoxon signed rank tests. There was a trend toward 

an effect of AVH state on N100 S1 amplitude (z(10) = −1.78, p = .07), such that N100 

amplitude was greater during AVH-off relative to AVH-on. No other comparisons 

approached the level of significance.

Since S2 latency is by definition, linked to S1 latency for each component, only S1 latencies 

were investigated. Using Wilcoxon signed rank tests, there was no evidence of an effect for 

AVH state on AERP latency across components.

3.5. Analysis of PSYRATS Total AVH score

Pearson correlation coefficients were computed to test the hypothesis that higher gating ratio 

would predict more severe AVH, assessed in terms of PSYRATS Total AVH score. The only 

association between component gating ratio and AVH PSYRATS was a significant negative 
correlation between N100 gating ratio during AVH-off (r = −.94, p < .001).

To further investigate this effect, analysis of N100 S1 and S2 amplitudes in the AVH-off 

state showed that PSYRATS Total score was significantly and negatively correlated with S2 

amplitude (r = −.65, p = .04) and positively, but non-significantly correlated with S1 (r = .44, 

p = .19). Of the PSYRATS subscale scores, N100 sensory gating ratio significantly predicted 

the Amount of Distress (r = −.76, p = .02), Intensity of Distress (r = .80, p = .009), and 

Disruption (r = −.94, p <.001) subscale scores.

To investigate whether overall gating ratios were predictive of PSYRATS Total score, mean 

gating ratios were computed for the P50, N100, and P200 components across AVH states 

((AHV-on+AVH-off)/2). Correlations between PSYRATS total score and the P50 (r = −.18, 

p = .64), N100 (r = −.34, p = .36), and P200 (r = −.44, p = .24) mean gating ratios did not 

approach the level of significance.

3.8. Analysis of Demographic and Clinical Variables

Potential confounding variables including age, gender, handedness, and duration of illness 

were considered as covariates across all sensory gating analyses. Medication was assessed in 

terms of dummy-coded nominal variables for each medication type, in terms of novel (N = 

8) and conventional (N = 2) antipsychotic, and in terms of an olanzapine-equivalent, 

continuous variable. No measures of medication had a significant effect on reported results.

4. Discussion

Gating ratios during AVH-off were in the range that is typical for schizophrenia (Hu et al., 

2012). During AVH-on, however, gating ratios were significantly greater, suggesting 

significantly greater gating impairment, which was consistent with the hypothesis that 
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auditory sensory gating ratio is sensitive to AVH-state. These results were true for gating 

assessed across the P50, N100, and P200 AERP components, suggesting that there is an 

overall disconnect or failure between sensory systems and gating modulation systems. The 

present results complement the AVH neurophysiology literature in that they link failure of an 

empirically defined inhibitory mechanism to the occurrence of AVH. As auditory sensory 

gating is considered to be one of the core inhibitory systems operating to control auditory 

input (Boutros et al., 2017), the present findings showing failure of sensory gating during 

AVH-on is further confirmation of the notion that AVH reflect a failure of inhibitory 

processes within auditory and linguistic systems (Hoffman et al., 2002, Kompas et al., 

2011). Failure of the system used to inhibit incoming auditory input during self-generated 

internal speech is purported to underlie an individual’s ability to appropriately label speech 

as being generated internally or externally during AVH (Ford et al., 2012).

All three components assessed in the present study, P50, N100, and P200, are known to be 

subject to the gating effect (Buchsbaum, 1977; Boutros and Belger, 1999), and bottom-up 

models of sensory gating suggest that gating deficits early in perception may lead to 

information overload in downstream processing systems and ultimately result in the positive 

symptoms of schizophrenia (McGhie and Chapman, 1961). A more recent model of the 

control of gating suggests that the earliest AERP components are most subject to modulation 

based upon stimulus characteristics, but that the control network gets more elaborate and 

increasingly under top down control by prefrontal and parietal regions as component latency 

progresses (Boutros et al., 2013). In the present analyses, stimulus characteristics were 

identical between the AVH-off and AVH-on states, minimizing the effect of stimulus 

characteristics, and there was no interaction between AVH state and component. This would 

suggest that there has been a collapse of the top-down modulatory networks controlling 

gating more generally. As such, the present neurophysiological analysis is consistent with 

that of our recent fMRI network analysis (Thoma et al., 2016), the results of which 

suggested that as one moves into the AVH-on state, pre-frontally mediated networks, 

presumably associated with executive control, go off-line, and a predominant temporal lobe 

AVH network emerges supporting the experience of AVH.

It is likely that there are multiple mechanisms working in parallel in support of sensory 

gating (Boutros et al., 2013) and the reduction of N100 S1 amplitude during the AVH-on 

state is perhaps evidence of a second independent process at work. The effect, consistent 

with the findings of Hubl et al (2007), was not found in the P200 S1, and the present 

analyses showing that it also is not characteristic of P50, suggests that this effect is truly 

specific to the N100. Hubl and colleagues (2007) interpreted this finding as evidence that the 

N100 amplitude reduction is due to competition for limited neuronal resources by AVH, but 

added that it may also be an indication that there is simply an inability to focus attention on 

auditory inputs. The present results serve to further emphasize the importance of N100 

changes with regard to AVH, in that of the three components measured, only N100 gating 

was found to be predictive of PSYRATS-assessed AVH severity at the trait level. Although 

this correlation was primarily driven by changes in S2, there was also a non-significant 

positive correlation of moderate effect size between S1 amplitude and AVH severity 

suggesting perhaps a third possibility; that the acute reduction in N100 S1 amplitude during 

Thoma et al. Page 8

Schizophr Res. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



AVH-on is a corrective one representing an attempt to “turn down the volume” on perceived 

voices.

At the outset of this study it was expected that greater severity of a core positive symptom, 

AVH assessed at the trait level, would also be reflected as greater impairment in sensory 

gating, based on the positive correlation between PSYRATS score and P50 gating reported 

by Faugère et al (2016). Not only was the AVH severity and gating relationship specific to 

gating of the N100 component, the valence of that correlation was opposite to that predicted. 

An important difference between the current results and the previous report was that we 

divided the epochs into AVH-on and AVH-off conditions and the unexpected result only 

occurred during the AVH-off condition for the N100 component. This seemingly 

paradoxical relationship might be best explained if considered in terms of relative changes in 

S1 and S2. The suppression of S2 is thought to be the result of an active sensory filtering 

mechanism (Boutros et al., 2013) and one possibility is that during AVH, greater S2 

suppression occurs as a second corrective mechanism. Hence, a more severe AVH 

experience results in a greater attempt to reduce the processing of invasive voices perceived 

to be incoming from the environment. A second possibility is that greater suppression of S2 

is one consequence of AVH network formation (Thoma et al., 2016), resulting in reduced 

processing of stimuli from the external environment and increased processing of internally 

generated data, ultimately resulting in more severe AVH. Of course, it is possible that both 

mechanisms are operating simultaneously resulting in a vicious circle in which greater S2 

suppression leads to increasing AVH severity and greater suppression of S2.

To assure a comprehensive analysis, medications were evaluated based on individual 

medication, classification (novel or conventional) and olanzapine equivalents. It was perhaps 

not surprising that no effect of medication was found on AVH or gating, as the participants 

in this study were selected for experiencing AVH despite ongoing pharmacologic treatment. 

Additionally, due to the small sample size, it is not possible to conclude that a lack of 

findings for medication effects may be interpreted as a true lack of a medication effect.

The conclusions made in the present study are hampered by small sample size although this 

is offset to some degree based on the within-subjects design, and this research would benefit 

from replication in a larger sample. Questions regarding the extent to which patients are able 

to successfully indicate the onset or offset of AVH may bear on the present conclusions, but 

data presented elsewhere demonstrated a high test-retest reliability of our button press 

protocol in an overlapping sample of schizophrenia patients (Thoma et al., 2016). Lastly, 

these findings emphasize the importance of using the temporal sensitivity of 

neurophysiological measures to better understand the state-related changes in neural 

functioning underlying schizophrenia symptoms.

In conclusion, during AVH-on state, auditory sensory gating becomes further impaired, 

indicating that sensory gating is sensitive to AVH-state. This result better defines the link 

between sensory gating and positive symptoms, and suggests that perhaps gating must also 

be considered as a marker of state, in addition to a trait characteristic of schizophrenia. The 

change in correlations between AVH severity and gating ratios depending upon AVH state 

serves to demonstrate the extent of change in auditory processing with AVH-onset (or 
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offset), and suggests that perhaps a sensory gating model of AVH may help to advance our 

knowledge of the neurophysiology of schizophrenia hallucinations.
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Figure1. 
Group means and standard deviations for P50, N100, and P200 sensory gating ratios (S2/S1) 

for the AVH-on and AVH-off states.
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Figure 2. 
Group mean ERP waveforms depicting S1 and S2 during AVH-on (solid lines) and AVH-off 

(dotted lines).
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Figure 3. 
Scatterplot depicting the relationship between N100 sensory gating ratio and a trait measure 

of AVH severity (PSYRATS Total AVH score).
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Figure 4. 
Scatterplot depicting the relationships between S1 and S2 amplitude and trait AVH severity 

(PSYRATS Total AVH score).
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Table 2

Descriptive statistics for gating ratio by component and condition (N = 12)

Component

Gating ratio (mean(sd)) Range

AVH-off AVH-on AVH-off AVH-on

P50 .46(.35) .69(.35) .03–1.21 .23–1.33

N100 .54(.31) .86(.39) .08–1.06 .24–1.44

P200 .49(.25) .70(.25) .17–.90 .30–1.24
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