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Abstract

Auditory evoked steady-state responses are increasingly being used as a marker of brain function and dysfunction in various
neuropsychiatric disorders, but research investigating the test-retest reliability of this response is lacking. The purpose of
this study was to assess the consistency of the auditory steady-state response (ASSR) across sessions. Furthermore, the
current study aimed to investigate how the reliability of the ASSR is impacted by stimulus parameters and analysis method
employed. The consistency of this response across two sessions spaced approximately 1 week apart was measured in
nineteen healthy adults using electroencephalography (EEG). The ASSR was entrained by both 40 Hz amplitude-modulated
white noise and click train stimuli. Correlations between sessions were assessed with two separate analytical techniques: a)
channel-level analysis across the whole-head array and b) signal-space projection from auditory dipoles. Overall, the ASSR
was significantly correlated between sessions 1 and 2 (p,0.05, multiple comparison corrected), suggesting adequate test-
retest reliability of this response. The current study also suggests that measures of inter-trial phase coherence may be more
reliable between sessions than measures of evoked power. Results were similar between the two analysis methods, but
reliability varied depending on the presented stimulus, with click train stimuli producing more consistent responses than
white noise stimuli.
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Introduction

Oscillatory activity in the brain is thought to be an important

component of brain function and integration [1,2]. Neuronal

oscillations in the gamma range (,30–80 Hz) have been

implicated in a number of processes, including attention [3–5],

working memory [6,7], early sensory processing [8,9], perceptual

binding [10,11], and language [12–15]. Temporal integration of

auditory information in the brain can be studied using the auditory

steady-state response (ASSR), which was initially investigated by

driving the response using clicks presented at 40 Hz [16,17].

Although steady-state responses are being used increasingly as a

marker of brain function, particularly in psychiatric disorders [18–

21], no studies have investigated the test-retest reliability of this

response. Determining the reliability of the ASSR will be essential

for the continued use of this response in studies comparing patient

and control populations.

Previous studies have found abnormalities in the ASSR in such

disorders as autism [20], schizophrenia [18,21–26], and bipolar

disorder [19,27,28]. Similar abnormalities have also been found in

first-degree relatives of patients with these disorders [29–31]. The

ASSR can be elicited by a variety of stimuli, including clicks

presented at high rates or by tone or white noise stimuli amplitude-

modulated at the same rates, where 40 Hz driving appears to

produce the largest ASSR in adult studies [16,20,31–38]. Gamma-

aminobutyric acid (GABA) is thought to play an important role in

the generation of the ASSR [39,40]. This relationship suggests that

ASSR activity may serve as a marker of the efficiency of inhibitory

mechanisms in the brain, although most of what is known of this

potential is from studies of spontaneous gamma-band responses,

not from steady-state responses driven in the gamma-band range

[41–43]. GABA mechanisms are also thought to be dysfunctional

in autism [44–46], schizophrenia [39,47], and bipolar disorder

[48,49]. As such, the ASSR may be an important potential

endophenotype (that is, an unseen, heritable phenotype) in these

patient populations, and could prove highly useful for assessment

during therapeutic development. In addition, this could advance

knowledge of the underlying neurophysiology behind these

disorders and further genetic and animal studies. Knowledge

regarding the test-retest reliability of the ASSR will be important

to establish its potential for use as a predictor variable or marker of

outcome in clinical trials.

Test-retest reliability has been well documented for various

EEG-measured event-related potentials (ERPs) [50–54] and for

neuronal activity in low frequency bands [55–58]. However,

relatively few studies have focused on the reliability of auditory

responses in the gamma range. While evoked gamma-band

activity has demonstrated between-session consistency in response

to visual stimuli [43,59–61], little is known regarding reliability in

PLOS ONE | www.plosone.org 1 January 2014 | Volume 9 | Issue 1 | e85748



the auditory domain. A preliminary investigation of 6 individuals

found amplitude of the peak auditory evoked transient gamma-band

response to be strongly correlated between sessions in response to

white noise stimuli [62]. However, the reliability of the auditory

steady-state response has not yet been systematically studied. This is

an important gap in the literature, since many of the auditory

phase-locked gamma-band findings in autism and schizophrenia

have emerged from steady-state stimulation approaches.

The purpose of the current study was to investigate between-

session reliability of the ASSR as measured by EEG. Based on

previous findings, we hypothesized that the ASSR would be

significantly correlated between sessions spaced one week apart.

While a future study including multiple time points will be

important, an initial investigation of the response across one week

seemed a reasonable starting point. Further, this time period was

chosen with the intent of identifying reliability of the response for

an interval of time commonly used in pharmacological trials.

Establishing the reliability of this response spaced one week apart

without pharmacological intervention will provide important

information for future clinical studies utilizing this time period.

Previous studies have found the type of stimulus to influence the

strength of the ASSR [37,38,62]. Stimulus type has also been

shown to influence reliability of transient responses in the gamma

range [62]. As such, the current study assessed differences between

the ASSR elicited by both amplitude-modulated white noise and

click train stimuli, both of which have previously been found to

elicit the ASSR [17,20,31,36,38]. Furthermore, to evaluate the

impact of different analytical techniques on measures of ASSR

reliability, two separate analytical methods were compared, one

based on sensor-space analyses and the other on source

reconstruction. We predicted, based on prior EEG studies of

ERP reliability [63], that source reconstruction would improve the

signal-to-noise ratio of the measures and result in higher test-retest

reliability.

Methods

Participants
Nineteen participants (10 male, 9 female, mean age = 30.1+/2

8.8 years, range: 20.3–54.9 years) completed the study. Of these

participants, 10.5% identified themselves as African American/

Black, 5.3% as Asian, and 84.2% as Caucasian. Ethnic identities

were separately ascertained; 21.1% of the sample was Hispanic

and the remainder was non-Hispanic. Eligibility criteria required

participants to have no personal history of a current or past

neurological or Axis I psychiatric disorder, assessed by the SCID

Screen Patient Questionnaire-Extended [64]. Participants were

recruited via fliers and mass email postings.

Ethics statement
The human subjects protocol was approved by the Colorado

Multiple Institutional Review Board. Written, informed consent

was obtained from all participants, consistent with the guidelines of

the Declaration of Helsinki.

Stimuli and paradigm
Participants completed two recording sessions separated by

approximately one week (mean = 10.2, SD = 6.1 days apart,

minimum of 5 days between sessions), and completed the same

tasks in both sessions. Both were passive listening tasks, in which

200 trials of either white noise or click train stimuli were presented

binaurally through foam insert earphones (Neuroscan, Inc., North

Carolina, USA) at 75 dB SPL for 500 ms each, with an inter-trial

interval of 1000 ms. All participants completed both the white

noise and click noise stimuli tasks. White noise stimuli were

500 ms, 40-Hz amplitude-modulated (100 percent depth) white

noise. Click stimuli were 40-Hz click trains in which each click was

2 ms in duration delivered every 25 ms for a total of 500 ms. All

participants reported having normal hearing. As participant states

and attention can impact the ASSR [36,38,65,66], all participants

were asked to sit upright and to remain awake with their eyes open

during the tasks, with a break given between tasks to maintain

alertness. In addition, alpha power was monitored to ensure that

participants’ alertness did not vary systematically by task or

session. Each task condition (white noise and click stimuli) lasted 5

minutes.

EEG recordings
Continuous EEG data were acquired using a 64-channel

electrode cap (EASYCAP GmbH, Herrsching, Germany) with

standard 10-10-system electrode placement [67]. Electrodes were

placed on the outer canthi of both eyes and on the supra-orbit of

the right eye to assess horizontal and vertical eye movements; an

additional electrode was placed in the middle of the forehead to

serve as the ground. Impedances were below 10 kV at all sites.

ERP recordings were amplified using Neuroscan SynAmps 2

amplifiers (Neuroscan, Inc., North Carolina, USA), with a

passband of .1–200 Hz and digitized at 1000 Hz. Recordings

were average-referenced offline. Raw epoch data from this study,

along with scripts to read the data, can be downloaded from

Figshare (http://dx.doi.org/10.6084/m9.figshare.829584).

Data preprocessing
Offline, EEG data were preprocessed using Brain Electrical

Source Analysis (BESA) 5.3 software (BESA GmbH, Grafelfing,

Germany). Data were average-referenced and epochs of 1000 ms

were created starting 200 ms prior to stimulus onset and lasting for

800 ms post-stimulus onset. Data were baseline-corrected to the

mean of the pre-stimulus period and eye blink artifacts were

removed using BESA’s spatial filtering routine, which is based on

the spatial components method for correcting eye artifacts [68–

70]. Following eye blink correction, threshold-based artifact

rejection was used to remove any epochs with activity greater

than 100 mV. Data were then visually inspected and epochs with

any additional movement or eye blink artifacts were removed from

further analyses. Out of the 200 recorded trials, in the white noise

task an average of 180.7 (SD: 23.8) trials were accepted and used

for further analyses for session 1, with 184.2 (SD: 17.9) accepted

for session 2. For the click train task, an average of 187.1 (SD:

32.9) trials were accepted for session 1, with 178.6 (SD: 20.8)

accepted for session 2.

Statistical analyses
Method 1: Sensor-space analysis. Following preprocessing,

time-frequency transformation was performed by complex de-

modulation [71,72] in BESA, which involves multiplication of the

time-domain signal with sines (real) and cosines (imaginary) at

each frequency of interest, followed by a Gaussian-shaped finite

impulse response (FIR) low-pass filter and calculation of the

absolute value. The full width at half maximum was 7.08 Hz and

63 ms, which was the effective resolution of the time-frequency

transformation in our study. Within BESA, the time and frequency

space was sampled in 2.5 Hz and 20 ms bins for further analyses.

Time-frequency representations for both evoked activity, normal-

ized to the pre-stimulus baseline, and inter-trial phase coherence

(ITPC) were both derived from BESA [72–75] and then imported

into Matlab (2009b; MathWorks, Inc., Natick, MA) using

FieldTrip routines [76]. ITPC is a measure of event-related phase
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locking across trials (inter-trial consistency), sometimes referred to

as phase-locking factor (PLF), which ranges from 0 (purely non-

phase-locked) to 1 (strictly phase-locked) [77,78]. For both tasks

(white noise and click train stimuli), correlation routines in Matlab

(using the Statistical Toolbox function, corcoeff.m) were used to

determine between-session reliability for evoked activity and

ITPC. For each channel (i.e., each of the 63 data channels), each

individual time-frequency bin for session 1 was compared to the

corresponding time-frequency bin for session 2 across all

participants (for both the evoked response and ITPC). This was

performed separately for each channel, and a false discovery rate

(FDR), as described in Benjamini and Hochberg [79], of q = 0.05

was used to correct for multiple comparisons across channels and

time-frequency bins. The FDR approach controls for the

proportion of false positive findings among findings identified as

significant (i.e., a q of 0.05 means that no more than 5% of the

findings will be false positives). Additionally, the mean correlation

coefficients at 40 Hz for each stimulus type (white noise vs. click

train) and hemisphere (left vs. right) for absolute power, evoked

power, and ITPC, were directly compared for significance using

the Fisher r-to-z transformation.

A dependent-samples Student’s t-test was run using FieldTrip

routines to compare the ASSR (evoked power and ITPC;

collapsed across sessions) between the white noise task and the

click train task across all channels, using FDR for multiple

comparison correction. For visualization purposes, the channel

observed to have the highest amplitude at 40 Hz in the 200–

500 ms window was identified from the grand averaged response.

To assess the signal-to-noise ratio (SNR) for each task (across

sessions) at FCz, we first calculated the mean squared coherence

(MSC) as the ratio between 40 Hz signal alone (pre-stimulus

baseline from 2200–0 ms subtracted from the post-stimulus

window of 200–500 ms) to 40 Hz signal plus noise (post-stimulus

window of 200–500 ms). SNR was then calculated from MSC, as

SNR = (MSC/[1-MSC])1/2 (see [80] for details). Differences in

SNR between tasks and hemispheres were assessed using paired

t-tests in SPSS version 22 (IBM Corp., Armonk, NY).

Method 2: Signal-space projection. Signal-space projec-

tion (also called source-space projection or lead field synthesis

[81,82]) was performed in BESA [73–75]. First, a grand average

evoked waveform was computed across all participants, using

averaged files created from the same preprocessed files used in the

whole-head array method. A grand average was created across

both tasks (white noise and click stimuli) and both sessions (1 and

2), so that source analysis differences between task and session

could not influence the results. Having separate models for each

could reduce reliability due to spatial variance between tasks and

sessions. As such, there was a single grand average across all

participants that included both tasks and sessions. Source analysis

was performed by fitting left and right hemisphere equivalent

current dipoles to the 40 Hz ASSR in the band-pass filtered (30–

50 Hz) grand-averaged response between 200–500 ms (see

Figure 1). The left (Talairach coordinates: x = 246.3, y = 218.9,

z = 22.6) and right (x = 44.7, y = 213.4, z = 4.9) dipoles were

located in primary auditory cortex, and the dipole model residual

variance was 8.8%.

This source solution was used to project the raw data for each

participant (i.e., the original preprocessed data) into the source

domain using a source montage in BESA [83], resulting in a

virtual electrode for each participant for left and right hemispheres

(i.e., 2 data channels). The projection was done separately for each

session (1 and 2) for each task (white noise and click stimuli). Time-

frequency transformation was then performed in BESA, for the left

and right hemisphere virtual electrodes for each session and task.

The same time-frequency transformation parameters as in the

sensor-level analysis were used (i.e., complex demodulation: 2

3 dB power full width at half maximum, resulting in effective time-

frequency transformation resolution of 7.08 Hz and 63 ms; time

and frequency space within BESA sampled in 2.5 Hz and 20 ms

bins). Time-frequency representations for evoked activity and

ITPC were then exported to Matlab for between-session

correlation analyses. Multiple comparison correction was per-

formed using FDR of q = 0.05. Furthermore, the mean correlation

coefficients for FCz at 40 Hz for each stimulus type (white noise vs.

click train) for absolute power, evoked power, and ITPC, were

directly compared for significance using the Fisher r-to-z

transformation. These were also compared with correlation

coefficients from the sensor-level analysis.

As with the sensor-level analysis, a dependent-samples t-test was

run using FieldTrip routines to compare the ASSR (evoked power

and ITPC; collapsed across sessions) between the white noise task

and the click train task, using FDR for multiple comparison

correction. As described above, SNR was calculated from the

MSC for each hemisphere for each task, across sessions. Task

differences in SNR were assessed using paired t-tests.

Fourier analysis. In addition to the time-frequency analyses,

Fourier analyses of epochs of the sensor-level and source-level data

were conducted. Two time periods were analyzed: 1) between 2

300 and 0 ms pre-stimulus and 2) between 200 and 500 ms post-

stimulus. The pre-stimulus and post-stimulus periods were zero-

padded by 1000 ms and Hanning tapered to reduce edge effects.

A Fast Fourier Transform (FFT) was used for Fourier analyses. For

reliability analyses, the power at 40 Hz in the pre-stimulus and

post-stimulus regions, as well as the relative power (post/pre) were

statistically analyzed using regression analyses in SPSS. For the

sensor-level statistics, power at electrode FCz was used. For the

source-level statistics, power was analyzed separately for left and

right auditory dipoles. As with the time-frequency analyses, SNR

was calculated from the MSC for each task, across sessions.

Differences in SNR between tasks were assessed using paired

t-tests.

Alpha power. Because of the passive nature of the tasks, we

also quantified alpha power during the first and last minutes of

each 5-minute session. Continuous data for those 60-second

periods were segmented into consecutive 1-second Hanning-

tapered epochs, upon which an FFT was calculated to derive the

power of alpha (8–12 Hz). Only alpha power at electrode Oz was

used for this analysis. Differences between the first and last 60

seconds of each session for each task were assessed using paired

Figure 1. Signal-space projection. Representative diagram of
placement of equivalent current dipoles and the resulting signal-space
projected averaged waveform resulting from each dipole.
doi:10.1371/journal.pone.0085748.g001
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samples t-tests in SPSS, as were task (white noise vs. click train)

and session (session 1 vs. session 2) differences.

Results

Method 1: Sensor-space analysis
A plot of the grand-averaged response to click train stimuli for

each individual channel can be seen in supporting information

(Figure S1). Although the click stimuli appeared to evoke a greater

ASSR (both evoked and ITPC) compared to the white noise

stimuli, differences between the two tasks in either the evoked

response or ITPC, assessed across all time-frequency voxels, were

not significant after correcting for multiple comparisons. Means

for the absolute 40 Hz response in both the pre-stimulus (2200–

0 ms) and post-stimulus window at FCz are shown in Figure 2, for

both the time-frequency and Fourier transformed data. These data

demonstrate significantly increased 40 Hz power to the click train

stimuli compared to white noise stimuli in the window of the

steady-state response (200–500 ms) for the Fourier analysis

(Session 1: p = .017, Session 2: p = .013). However, this difference

was not significant in the time-frequency analysis. The signal-to-

noise ratio (SNR) for the ASSR (40 Hz, 200–500 ms) was also

calculated across sessions for FCz (see Table 1). Within each task,

there were no significant differences in SNR between sessions 1

and 2, in either the time-frequency or Fourier analyses. However,

SNR for the click train stimuli was significantly greater than that

for the white noise task across both time-frequency and Fourier

analyses at FCz.

The correlation results for the comparison between sessions 1

and 2 for FCz for each task are shown in Figure 3. Plots of

significant (p,0.05; FDR-corrected for multiple comparisons)

correlations between time-frequency bins in session 1 compared to

session 2 for each individual channel can be seen in supporting

information (Figure S2). Means and ranges of correlation

coefficients for the ASSR (40 Hz, 200–500 ms) for FCz are

detailed in Table 2 for each task (white noise stimuli and click

stimuli) for each measure (evoked power and ITPC). For both

tasks, ITPC appeared to be more reliable between sessions than

the evoked response. However, comparisons of the mean

correlation coefficients at 40 Hz did not find any significant

differences between ITPC and evoked responses. Overall,

responses to the click stimuli appeared to be more reliable

between sessions than those to the white noise stimuli. This can be

seen in the figure depicting FCz, in which reliability for both the

evoked response and ITPC is more evident for the click stimuli

compared to the white noise stimuli. Results from the Fourier

analysis are shown in Table 3. As with the time-frequency data,

responses to click train stimuli appeared more reliable across

sessions at FCz than responses to white noise stimuli. Indeed, the

correlation between sessions 1 and 2 was not significant for white

noise stimuli, but was significant for click train stimuli. Further-

more, across the whole channel array, a greater number of

channels showed statistically significant (p,0.05, FDR-corrected)

Figure 2. Average absolute power at 40 Hz. Absolute power for both the pre-stimulus window (Pre; 2200–0 ms for TFT, 2300–0 ms for FFT)
and post-stimulus window (Post; 200–500 ms), for both session 1 (S1) and session 2 (S2) for both the white noise and click train stimuli. Results are
shown for signal-space projected (SSP) and sensor-level (at FCz) data. TFT: time-frequency transformed data; FFT = Fast Fourier transformed data.
doi:10.1371/journal.pone.0085748.g002
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between-session correlations in the range of the ASSR (40 Hz,

200–500 ms) for the click train task (evoked: 29 channels; ITPC:

51 channels) compared to the white noise task (evoked: 7 channels;

ITPC: 30 channels). However, when directly comparing the mean

correlation coefficients at 40 Hz between click train and white

noise stimuli, this comparison was only significant for the

normalized evoked response (200–500 ms) at FCZ (see Table 2).

As would be anticipated for the click train stimuli, because there

is stimulus energy at 40 Hz and its harmonics for this stimulus, a

harmonic response at 80 Hz can be seen in both the grand-

averaged data and correlations for the click train stimuli,

particularly for ITPC. This is also seen, to a lesser extent, in

response to the white noise stimuli, suggesting this response is a

result of a harmonic to the 40 Hz activity in the brain rather than

just to the 40 Hz stimuli, because there is not significant stimulus

energy at 80 Hz in the white noise stimulus (above any other

frequency). This is an expected effect, as previous studies have

found that the brain response to a harmonic can be as strong as

that to a stimulus, and may be localized at least partially

independently of the fundamental stimulus response generator

Table 1. Signal to noise ratio (SNR) across sessions for the auditory steady-state response (40 Hz, 200–500 ms).

Click Train White Noise CT vs. WN

Method Channel Measure Mean SD Mean SD p

TFT Sensor FCz EP .33 .12 .29 .10 *

FCz ITPC 2.52 .65 1.82 .56 ***

SSP Left EP .44 .21 .30 .14 **

Right EP .75 .34 .47 .18 **

Left ITPC 2.05 .68 1.49 .58 **

Right ITPC 2.45 .77 1.99 .54 *

FFT Sensor FCz EP .84 .39 .44 .14 ***

SSP Left EP .60 .25 .42 .19 **

Right EP .93 .43 .61 .22 **

CT = click train; WN = white noise; SD = standard deviation; TFT = time-frequency transformed data; FFT = Fast Fourier transformed data; ITPC = inter-trial phase
coherence; SSP = signal-space projection; EP = evoked power (absolute). Significant left vs. right hemisphere comparisons: TFT SSP EP (click train***; white noise*); TFT
SSP ITPC (click train*; white noise*); FFT SSP EP (click train**; white noise*).
*p,0.05;
**p,0.01;
***p,0.001.
doi:10.1371/journal.pone.0085748.t001

Figure 3. Example of correlation results. Correlation results between sessions 1 and 2 for inter-trial phase coherence (ITPC) and evoked activity
for white noise stimuli (A) and click train stimuli (B) for the sensor-level analysis at the channel with the peak 40 Hz auditory steady-state response
(FCz). In each plot, the first row shows the correlation coefficient (r coeff) and the second row shows correlations that were significant following
multiple comparison correction (FDR, q = 0.05; 0/blue = not significant, 1/red = significant).
doi:10.1371/journal.pone.0085748.g003
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[36,84]. The current results suggest that the harmonic responses

seen here (at 80 Hz) do show between-session reliability, although

perhaps not to the same extent as the response to the fundamental

stimulus (40 Hz) (see Figure 3).

Method 2: Signal-space projection
Figure 4 shows time-frequency plots of the grand-averaged

evoked power and ITPC for the signal-space projection method

for the click train stimuli. The click train stimuli appeared to

produce a greater ASSR (evoked power and ITPC), but no

significant between-task differences (white noise stimuli vs. click

stimuli) survived multiple comparison correction, with the

exception of left hemisphere ITPC. In the left hemisphere, the

white noise task showed significantly greater ITPC compared to

the click train task in the earlier, transient gamma-band response,

from 42.5 Hz–52.5 Hz from 40–100 ms (p,0.05, FDR-correct-

ed). Conversely, the click train task showed significantly greater

ITPC compared to the white noise task in two small areas of the

steady-state response, with one time-frequency bin at 32.5 Hz/

200 ms and another at 80 Hz/400 ms (p,0.05, FDR-corrected).

Means for the absolute 40 Hz response in both the pre-stimulus

(2200–0 ms) and post-stimulus (200–500 ms) windows are shown

in Figure 2, for both the time-frequency and Fourier transformed

data. These data demonstrate significantly increased right

hemisphere 40 Hz power to the click train stimuli compared to

white noise stimuli in the window of the steady-state response

(200–500 ms) for session 1 (TFT: p,.001; FFT: p = .002). The

same relationship, albeit only marginally significant, is observed

for session 2 (TFT: p = .070; FFT: p = .057). Additionally, the

mean response at 40 Hz for both time-frequency and Fourier

analyses was significantly greater in the left hemisphere as

compared to the right hemisphere for both the white noise task

(session 1, pre-and post-stimulus windows: p,.01 for both TFT

and FFT; session 2, pre-stimulus window: p,.01 for both TFT and

FFT; post-stimulus window: p,0.05 for TFT) and the click train

task (session 1, pre-stimulus window: p,.01 for both TFT and

FFT; session 2, pre-stimulus window: p,0.05 for both TFT and

FFT). As with the sensor-space method, a harmonic response can

be seen at 80 Hz.

The signal-to-noise ratio (SNR) for the ASSR (40 Hz, 200–

500 ms) was calculated for each channel (left and right), across

sessions (Table 1). As with the sensor-level analysis, SNR for the

click train stimuli was significantly better than that for the white

noise task. SNR for the peak 40 Hz channel in the sensor-level

analysis (FCz) was similar to that seen for SSP. However, in the

right hemisphere, SNR was significantly greater for the SSP

approach compared to the sensor-level approach for both click

train and white noise stimuli (p,.001). In the left hemisphere,

SNR was also significantly greater for the SSP compared to sensor-

level method for the click train stimuli (p = .031), but this was not

significant for the white noise stimuli. The same was seen for the

Fourier transform analysis, with increased SNR observed for the

SSP compared to sensor-level method for right (p = .015) and left

(p = .003) hemisphere for the click train task, and right hemisphere

for the white noise task (p = .001). SNR for the right hemisphere

was greater than that for the left hemisphere, in both time-

frequency and Fourier analyses.

Table 2. Correlation values (Pearson’s r) between sessions 1 and 2 for the auditory steady-state response (40 Hz): time-frequency
analyses.

Click Train White Noise CT vs. WN

Method Chan Measure Time r SD Range r SD Range p

Sensor FCz Absolute EP Pre .42 .04 .38–.48 .62 .04 .55–.68 ns

FCz Absolute EP Post .44 .04 .38–.50 .58 .07 .45–.68 ns

FCz Normalized EP Post .90 .03 .83–.94 .50 .22 .14–.75 **

FCz ITPC Post .89 .03 .83–.92 .80 .04 .73–.85 ns

SSP Left Absolute EP Pre .83 .03 .78–.87 .56 .03 .51–.60 ns

Right Absolute EP Pre .49 .03 .44–.52 .65 .04 .58–.70 ns

Left Absolute EP Post .84 .02 .80–.87 .60 .08 .49–.73 ns

Right Absolute EP Post .73 .05 .63–.80 .69 .05 .60–.76 ns

Left Normalized EP Post .70 .04 .63–.76 .53 .10 .34–.65 ns

Right Normalized EP Post .40 .06 .25–.48 .53 .09 .40–.66 ns

Left ITPC Post .90 .02 .85–.93 .71 .05 .59–.78 ns

Right ITPC Post .69 .04 .62–.76 .78 .06 .64–.88 ns

SD = standard deviation; EP = evoked power; ITPC = inter-trial phase coherence; SSP = signal-space projection; Pre = pre-stimulus window (2200–0 ms); Post = post-
stimulus window (200–500 ms). Electrode data taken from peak gamma-band electrode (FCz).
**p,0.01.
doi:10.1371/journal.pone.0085748.t002

Table 3. Correlation values (Pearson’s r) between sessions 1
and 2 for the baseline normalized auditory steady-state
response (40 Hz, 200–500 ms): Fourier analyses.

Click Train White Noise CT vs. WN

Method Measure r p r p p

Electrode FCz Total Power .73 ,.001 .32 .187 ns

SSP Left Total Power .42 .074 .53 .020 ns

Right Total Power .75 ,.001 .61 .006 ns

SD = standard deviation; SSP = signal-space projection; CT = click train; WN =
white noise. Electrode data taken from peak gamma-band electrode (FCz). The
correlations reported are for the ratios of post-stimulus/pre-stimulus power at
40 Hz.
doi:10.1371/journal.pone.0085748.t003
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The SSP analysis also suggested ITPC to be more reliable

between sessions than the evoked response, for both tasks. There

were no time-frequency bins surviving multiple comparison

correction (p,0.05, FDR-corrected) for the evoked response for

either task with this method, while ITPC showed significant

between-session correlations in the area of the ASSR (40 Hz, 200–

500 ms) for both tasks, p,0.05, FDR-corrected. As with the

sensor-level method, this appears to be more evident for click

stimuli compared to white noise stimuli. However, direct

comparisons of mean correlation coefficients at 40 Hz from

200–500 ms between (a) ITPC and evoked responses and (b) click

train and white noise stimuli, did not find reliability to significantly

differ between measure or stimulus type.

Alpha power
No significant differences in alpha power (8–12 Hz, measured

at Oz) were found between the first 60 seconds (M = 1.40,

SEM = .38) and the last 60 seconds (M = 1.60, SEM = .51) of

session 1 for the white noise task. Similarly, there were no

significant differences between the first and last 60 seconds of

session 2 for the white noise task (first: M = 1.41, SEM = .59; last:

M = 1.25, SEM = .46) or between the first and last 60 seconds of

either session for the click train task (session 1, first: M = 1.26,

SEM = .46; session 1, last: M = 1.42, SEM = .47; session 2, first:

M = 1.18, SEM = .52; session 2, last: M = 1.03, SEM = .45). There

were no significant differences in either the first 60 seconds or the

last 60 seconds of recording within each session observed between

tasks (white noise vs. click), nor were there significant differences in

the change in alpha power from session 1 to session 2 between

tasks. Furthermore, no significant differences in alpha power

during the first and last 60 seconds of recording were observed

between sessions (session 1 vs. session 2).

Discussion

Overall, this study found the auditory steady-state response

(ASSR) to be significantly correlated between sessions spaced one

week apart, suggesting good test-retest reliability of the response.

However, this appears to be more evident for inter-trial phase

coherence (ITPC) than for evoked power. The current findings of

between-session reliability in the ASSR correspond well with a

preliminary study by Jacobson (n = 6) that measured transient

evoked gamma-band responses to tone stimuli. This study found

the amplitude of the early peak 40 Hz response to be significantly

correlated between sessions spaced one month apart [62]. The

ASSR has been found to be abnormal in a number of patient

populations, including autism [20], schizophrenia [18,21–26], and

bipolar disorder [19,27,28]. However, there is a dearth of

information on the reliability of this response. For future

applicability to these patient populations, it is important to first

establish the reliability of this response and its various measures

(e.g., power, ITPC) in a healthy population, as was the aim of the

current study.

ITPC was significantly correlated between sessions for both

stimuli studied (white noise and click train) and for both analysis

methods used (sensor-level and signal-space projection). While

ASSR evoked power showed reliability between sessions, this did

not survive multiple comparison correction in the signal-space

projection analysis, and only a few voxels in select channels

survived multiple comparison correction in the sensor-level

analysis. Given that ITPC is amplitude-independent and the

evoked response is not, making it more susceptible to noise, it is

not surprising that ITPC may be more reliable between sessions.

However, when directly comparing the mean correlation coeffi-

cient at 40 Hz, no significant differences were observed between

ITPC and evoked power.

Figure 4. Example of grand averaged data. Time-frequency representations of grand-averaged evoked activity (normalized to baseline) and
inter-trial phase coherence (ITPC) in response to click train stimuli for session 1 (S1) and session 2 (S2), for signal-space projected data for the left and
right hemisphere. nepower = normalized evoked power.
doi:10.1371/journal.pone.0085748.g004
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Across both analytical methods, the ASSR to click train stimuli

was larger and appeared to be more reliable across sessions

compared to the response to white noise stimuli. The reliability of

the average 40 Hz normalized evoked response between 200–

500 ms (ASSR) was significantly greater for click train stimuli

compared to modulated white noise stimuli for the sensor-level

analysis. It could be that the more rapid perceptual transition (i.e.,

on/off) of the clicks is more salient than the sine wave transition in

the white noise stimuli, in much the same way that visual contrast

is higher in square wave, compared to sine wave gratings [85,86].

That the strength and reliability of the ASSR was found to differ

between stimuli in the current study is not surprising given that

previous studies have also found the type of auditory stimulus to

influence the size of the response [36–38]. Results across the two

different analytical methods used (sensor-level and signal-space

projection) were very much in agreement. Both methods suggested

ITPC may be more reliable than the evoked response, although

this is speculative. Furthermore, both methods found click train

stimuli to elicit larger and seemingly more reliable steady-state

responses compared to white noise stimuli. This was seen in both

time-frequency transformed data and Fourier transformed data.

This is encouraging for drawing conclusions across multiple

studies, as it suggests results using separate analytical methods are

comparable.

In the signal-space projection (SSP) analysis, across both tasks, a

greater ASSR was seen in the left compared to right hemisphere. It

is unlikely that this is due to variation in SNR between the

hemispheres, as the right hemisphere demonstrated greater SNR

compared to the left hemisphere. Greater SNR in right compared

to left hemisphere has also been shown in MEG data [87]. SNR

for the click train stimuli was better than that for the white noise

task, which could perhaps explain some of the differences in power

and reliability between the two tasks. Between the two methods

(sensor-level and SSP), the signal-to-noise ratio of the ASSR

(40 Hz, 200–500 ms) was similar, but was significantly improved

in the right hemisphere for SSP compared to the sensor-level

analysis. Of note, in the sensor-level analysis, data from FCz

combined activity from left and right hemispheres, whereas in the

signal-space projection analysis, data are separately derived for left

and right hemispheres using dipoles in auditory cortex. Previous

studies have also reported signal-space projection methods to

result in a high SNR [36,74]. One of the challenges of EEG is

enhancing the brain signal of interest while reducing the amount

of noise in the data. Signal-space projection is a method of

spatially filtering the data to separate out the brain activity of

interest [74,88,89]. Prior research applying dipole analysis

techniques to improve auditory ERP reliability also suggests the

potential for this approach [63]. SSP also allows a specific area of

interest to be chosen as the focus for analyses (i.e., auditory cortex

in this case), which could make results more readily interpretable

than those from a sensor-level analysis.

While the current study found the ASSR to be robust across

sessions spaced one week apart, it remains to be seen if this

response will be consistent across longer periods of time. Given

that Jacobson’s preliminary study [62] found peak transient gamma-

band amplitude to be reliable across sessions spaced one month

apart, it is anticipated that the steady-state response will show

stability over time periods longer than one week. However,

additional studies are needed to confirm this. Because the ASSR is

increasingly being investigated as an endophenotype in various

disorders, it will also be important to establish the reliability of this

response in these patient populations. It could be that reliability of

the response is different in various clinical populations compared

to healthy controls. However, establishing the reliability of the

ASSR in healthy populations is an important first step.

The current study focused on reliability of the ASSR in response

to click train and white noise stimuli. While these are commonly

used stimuli, particularly in the literature assessing the ASSR as a

biomarker in psychiatric disorders [18–28], there are other

methods of eliciting the ASSR, such as amplitude-modulated sine

waves. Future studies should address the reliability of responses

elicited by other stimuli than those used in the current study. In

addition, a possible limitation of the current study is that the order

of stimulus presentation was not counterbalanced. That is, all

participants first completed the white noise task, followed by the

click train task. The goal of the current study was not to identify

order effects, but future studies could include a larger sample size

to assess these potential effects. Because of the passive task nature,

we used alpha power as a proxy measure of alertness to ascertain if

there were systematic differences between sessions or tasks. Alpha

power did not differ between the first and last minute of the

recording within a session, suggesting that subjects were able to

maintain their alertness during tasks. Additionally, no differences

in alpha power were observed between sessions (session 1 vs.

session 2) or between tasks (click train vs. white noise).

We found that the ASSR is consistent across recording sessions,

suggesting that it is reliable over relatively short intervals.

However, given that the stability of the response between sessions

for evoked activity may not be as robust as for ITPC, and that

consistency varied depending on stimulus type, this must be taken

into consideration during experimental design. The current

findings suggest that click train stimuli elicit a more reliable

estimation of the ASSR than do white noise stimuli, perhaps due

to the observed higher signal-to-noise ratio in that condition.

Finally, we found that signal-space projection and sensor-based

analysis methods elicited similar results, although the signal-to-

noise ratio was higher for the signal-space projected data,

consistent with previous research.

Supporting Information

Figure S1 Example of grand average for all channels for
sensor-level method. Time-frequency representations of

grand-averaged evoked activity (normalized to baseline) and

inter-trial phase coherence (ITPC) in response to click train

stimuli for session 1 (S1) and session 2 (S2), for all channels.

(TIF)

Figure S2 Correlation results for all channels for
sensor-level method. Correlation results between sessions 1

and 2 for inter-trial phase coherence (ITPC) and evoked activity

for white noise stimuli (A) and click train stimuli (B) for all

channels. Each individual plot shows correlations that are

significant following multiple comparison correction (FDR,

q = 0.05; green = not significant, red = significant).

(TIF)

Author Contributions

Conceived and designed the experiments: DCR. Performed the experi-

ments: KLM SES AMC STS AW. Analyzed the data: KLM AMC STS.

Contributed reagents/materials/analysis tools: DCR. Wrote the paper:

KLM DCR.

Auditory Steady-State Response Reliability

PLOS ONE | www.plosone.org 8 January 2014 | Volume 9 | Issue 1 | e85748



References

1. Basar E, Basar-Eroglu C, Karakas S, Schurmann M (2001) Gamma, alpha,

delta, and theta oscillations govern cognitive processes. Int J Psychophysiol 39:

241–248.

2. Ward LM (2003) Synchronous neural oscillations and cognitive processes.

Trends Cogn Sci 7: 553–559.

3. Tiitinen H, Sinkkonen J, Reinikainen K, Alho K, Lavikainen J, et al. (1993)

Selective attention enhances the auditory 40-Hz transient response in humans.

Nature 364: 59–60.

4. Taylor K, Mandon S, Freiwald WA, Kreiter AK (2005) Coherent oscillatory

activity in monkey area v4 predicts successful allocation of attention. Cereb

Cortex 15: 1424–1437.

5. Lakatos P, Karmos G, Mehta AD, Ulbert I, Schroeder CE (2008) Entrainment

of neuronal oscillations as a mechanism of attentional selection. Science 320:

110–113.

6. Tallon-Baudry C, Bertrand O, Peronnet F, Pernier J (1998) Induced gamma-

band activity during the delay of a visual short-term memory task in humans.

J Neurosci 18: 4244–4254.

7. Pipa G, Stadtler ES, Rodriguez EF, Waltz JA, Muckli LF, et al. (2009)

Performance- and stimulus-dependent oscillations in monkey prefrontal cortex

during short-term memory. Front Integr Neurosci 3: 25.

8. Pantev C, Makeig S, Hoke M, Galambos R, Hampson S, et al. (1991) Human

auditory evoked gamma-band magnetic fields. Proc Natl Acad Sci U S A 88:

8996–9000.

9. Pantev C, Elbert T, Makeig S, Hampson S, Eulitz C, et al. (1993) Relationship

of transient and steady-state auditory evoked fields. Electroencephalogr Clin

Neurophysiol 88: 389–396.

10. Gray CM, Konig P, Engel AK, Singer W (1989) Oscillatory responses in cat

visual cortex exhibit inter-columnar synchronization which reflects global

stimulus properties. Nature 338: 334–337.

11. Singer W (1999) Neuronal synchrony: a versatile code for the definition of

relations? Neuron 24: 49–65, 111–125.

12. Pulvermuller F, Eulitz C, Pantev C, Mohr B, Feige B, et al. (1996) High-

frequency cortical responses reflect lexical processing: an MEG study.

Electroencephalogr Clin Neurophysiol 98: 76–85.

13. Ihara A, Hirata M, Sakihara K, Izumi H, Takahashi Y, et al. (2003) Gamma-

band desynchronization in language areas reflects syntactic process of words.

Neurosci Lett 339: 135–138.

14. Pena M, Melloni L (2012) Brain oscillations during spoken sentence processing.

J Cogn Neurosci 24: 1149–1164.

15. Tavabi K, Embick D, Roberts TP (2011) Spectral-temporal analysis of cortical

oscillations during lexical processing. Neuroreport 22: 474–478.

16. Galambos R, Makeig S, Talmachoff PJ (1981) A 40-Hz auditory potential

recorded from the human scalp. Proc Natl Acad Sci U S A 78: 2643–2647.

17. Ross B, Picton TW, Pantev C (2002) Temporal integration in the human

auditory cortex as represented by the development of the steady-state magnetic

field. Hear Res 165: 68–84.

18. Kwon JS, O’Donnell BF, Wallenstein GV, Greene RW, Hirayasu Y, et al.

(1999) Gamma frequency-range abnormalities to auditory stimulation in

schizophrenia. Arch Gen Psychiatry 56: 1001–1005.

19. Maharajh K, Abrams D, Rojas DC, Teale P, Reite ML (2007) Auditory steady

state and transient gamma band activity in bipolar disorder. Int Cong Ser 1300:

707–710.

20. Wilson TW, Rojas DC, Reite ML, Teale PD, Rogers SJ (2007) Children and

adolescents with autism exhibit reduced MEG steady-state gamma responses.

Biol Psychiatry 62: 192–197.

21. Spencer KM, Salisbury DF, Shenton ME, McCarley RW (2008) Gamma-band

auditory steady-state responses are impaired in first episode psychosis. Biol

Psychiatry 64: 369–375.

22. Lee KH, Williams LM, Haig A, Goldberg E, Gordon E (2001) An integration of

40 Hz gamma and phasic arousal: novelty and routinization processing in

schizophrenia. Clin Neurophysiol 112: 1499–1507.

23. Brenner CA, Sporns O, Lysaker PH, O’Donnell BF (2003) EEG synchronization

to modulated auditory tones in schizophrenia, schizoaffective disorder, and

schizotypal personality disorder. Am J Psychiatry 160: 2238–2240.

24. Lee KH, Williams LM, Breakspear M, Gordon E (2003) Synchronous gamma

activity: a review and contribution to an integrative neuroscience model of

schizophrenia. Brain Res Brain Res Rev 41: 57–78.

25. Light GA, Hsu JL, Hsieh MH, Meyer-Gomes K, Sprock J, et al. (2006) Gamma

band oscillations reveal neural network cortical coherence dysfunction in

schizophrenia patients. Biol Psychiatry 60: 1231–1240.

26. Uhlhaas PJ, Haenschel C, Nikolic D, Singer W (2008) The role of oscillations

and synchrony in cortical networks and their putative relevance for the

pathophysiology of schizophrenia. Schizophr Bull 34: 927–943.

27. O’Donnell BF, Hetrick WP, Vohs JL, Krishnan GP, Carroll CA, et al. (2004)

Neural synchronization deficits to auditory stimulation in bipolar disorder.

Neuroreport 15: 1369–1372.

28. Oda Y, Onitsuka T, Tsuchimoto R, Hirano S, Oribe N, et al. (2012) Gamma

band neural synchronization deficits for auditory steady state responses in

bipolar disorder patients. PLoS One 7: e39955.

29. Hong LE, Summerfelt A, McMahon R, Adami H, Francis G, et al. (2004)
Evoked gamma band synchronization and the liability for schizophrenia.

Schizophr Res 70: 293–302.

30. Rass O, Forsyth JK, Krishnan GP, Hetrick WP, Klaunig MJ, et al. (2012)

Auditory steady state response in the schizophrenia, first-degree relatives, and
schizotypal personality disorder. Schizophr Res 136: 143–149.

31. Rojas DC, Teale PD, Maharajh K, Kronberg E, Youngpeter K, et al. (2011)
Transient and steady-state auditory gamma-band responses in first-degree

relatives of people with autism spectrum disorder. Mol Autism 2: 11.

32. Stapells DR, Linden D, Suffield JB, Hamel G, Picton TW (1984) Human

auditory steady state potentials. Ear Hear 5: 105–113.

33. Rees A, Green GG, Kay RH (1986) Steady-state evoked responses to
sinusoidally amplitude-modulated sounds recorded in man. Hear Res 23:

123–133.

34. Picton TW, Dauman R, Aran JM (1987) Responses evoked in "steady state" in

man by means of a sinusoidal frequency modulation. J Otolaryngol 16: 140–145.

35. Cohen LT, Rickards FW, Clark GM (1991) A comparison of steady-state evoked

potentials to modulated tones in awake and sleeping humans. J Acoust Soc Am
90: 2467–2479.

36. Ross B, Borgmann C, Draganova R, Roberts LE, Pantev C (2000) A high-
precision magnetoencephalographic study of human auditory steady-state

responses to amplitude-modulated tones. J Acoust Soc Am 108: 679–691.

37. John MS, Dimitrijevic A, Picton TW (2003) Efficient stimuli for evoking auditory
steady-state responses. Ear Hear 24: 406–423.

38. Picton TW, John MS, Dimitrijevic A, Purcell D (2003) Human auditory steady-
state responses. Int J Audiol 42: 177–219.

39. Lewis DA, Hashimoto T, Volk DW (2005) Cortical inhibitory neurons and
schizophrenia. Nat Rev Neurosci 6: 312–324.

40. Vohs JL, Chambers RA, Krishnan GP, O’Donnell BF, Berg S, et al. (2010)
GABAergic modulation of the 40 Hz auditory steady-state response in a rat

model of schizophrenia. Int J Neuropsychopharmacol 13: 487–497.

41. Bartos M, Vida I, Jonas P (2007) Synaptic mechanisms of synchronized gamma

oscillations in inhibitory interneuron networks. Nat Rev Neurosci 8: 45–56.

42. Brenner CA, Krishnan GP, Vohs JL, Ahn WY, Hetrick WP, et al. (2009) Steady

state responses: electrophysiological assessment of sensory function in schizo-

phrenia. Schizophr Bull 35: 1065–1077.

43. Muthukumaraswamy SD, Singh KD, Swettenham JB, Jones DK (2010) Visual

gamma oscillations and evoked responses: variability, repeatability and structural
MRI correlates. Neuroimage 49: 3349–3357.

44. Hussman JP (2001) Suppressed GABAergic inhibition as a common factor in
suspected etiologies of autism. J Autism Dev Disord 31: 247–248.

45. Pizzarelli R, Cherubini E (2011) Alterations of GABAergic signaling in autism
spectrum disorders. Neural Plast 2011: 297153.

46. Coghlan S, Horder J, Inkster B, Mendez MA, Murphy DG, et al. (2012) GABA
system dysfunction in autism and related disorders: from synapse to symptoms.

Neurosci Biobehav Rev 36: 2044–2055.

47. Gonzalez-Burgos G, Lewis DA (2008) GABA neurons and the mechanisms of

network oscillations: implications for understanding cortical dysfunction in

schizophrenia. Schizophr Bull 34: 944–961.

48. Benes FM, Berretta S (2001) GABAergic interneurons: implications for

understanding schizophrenia and bipolar disorder. Neuropsychopharmacology
25: 1–27.

49. Brady RO, Jr., McCarthy JM, Prescot AP, Jensen JE, Cooper AJ, et al. (2013)
Brain gamma-aminobutyric acid (GABA) abnormalities in bipolar disorder.

Bipolar Disord [Epub ahead of print].

50. Segalowitz SJ, Barnes KL (1993) The reliability of ERP components in the

auditory oddball paradigm. Psychophysiology 30: 451–459.

51. Tervaniemi M, Lehtokoski A, Sinkkonen J, Virtanen J, Ilmoniemi RJ, et al.

(1999) Test-retest reliability of mismatch negativity for duration, frequency and

intensity changes. Clin Neurophysiol 110: 1388–1393.

52. Raikkonen K, Birkas E, Horvath J, Gervai J, Winkler I (2003) Test-retest

reliability of auditory ERP components in healthy 6-year-old children.
Neuroreport 14: 2121–2125.

53. Gaspar CM, Rousselet GA, Pernet CR (2011) Reliability of ERP and single-trial
analyses. Neuroimage 58: 620–629.

54. Cassidy SM, Robertson IH, O’Connell RG (2012) Retest reliability of event-
related potentials: evidence from a variety of paradigms. Psychophysiology 49:

659–664.

55. Gasser T, Bacher P, Steinberg H (1985) Test-retest reliability of spectral

parameters of the EEG. Electroencephalogr Clin Neurophysiol 60: 312–319.

56. Salinsky MC, Oken BS, Morehead L (1991) Test-retest reliability in EEG
frequency analysis. Electroencephalogr Clin Neurophysiol 79: 382–392.

57. McEvoy LK, Smith ME, Gevins A (2000) Test-retest reliability of cognitive
EEG. Clin Neurophysiol 111: 457–463.

58. Nikulin VV, Brismar T (2004) Long-range temporal correlations in alpha and
beta oscillations: effect of arousal level and test-retest reliability. Clin

Neurophysiol 115: 1896–1908.

59. Keil A, Stolarova M, Heim S, Gruber T, Muller MM (2003) Temporal stability

of high-frequency brain oscillations in the human EEG. Brain Topogr 16: 101–
110.

Auditory Steady-State Response Reliability

PLOS ONE | www.plosone.org 9 January 2014 | Volume 9 | Issue 1 | e85748



60. Hoogenboom N, Schoffelen JM, Oostenveld R, Parkes LM, Fries P (2006)

Localizing human visual gamma-band activity in frequency, time and space.
Neuroimage 29: 764–773.

61. Frund I, Schadow J, Busch NA, Korner U, Herrmann CS (2007) Evoked

gamma oscillations in human scalp EEG are test-retest reliable. Clin
Neurophysiol 118: 221–227.

62. Jacobson GP, McCaslin DL, Smith B, Elisevich K, Mishler P (1999) Test-retest
stability and short-term habituation of the N1 and gamma band response. J Am

Acad Audiol 10: 211–218.

63. Cardenas VA, Gerson J, Fein G (1993) The reliability of P50 suppression as
measured by the conditioning/testing ratio is vastly improved by dipole

modeling. Biol Psychiatry 33: 335–344.
64. First MB, Gibbon M, Spitzer RL, Williams JBW, Benjamin LS (1991)

Structured Clinical Interview for DSM-IV Screen Patient Questionnaire-
Extended. Toronto, ON: Multi-Health Systems.

65. Ross B, Picton TW, Herdman AT, Pantev C (2004) The effect of attention on

the auditory steady-state response. Neurol Clin Neurophysiol 2004: 22.
66. Skosnik PD, Krishnan GP, O’Donnell BF (2007) The effect of selective attention

on the gamma-band auditory steady-state response. Neurosci Lett 420: 223–228.
67. Nuwer MR, Comi G, Emerson R, Fuglsang-Frederiksen A, Guerit JM, et al.

(1998) IFCN standards for digital recording of clinical EEG. International

Federation of Clinical Neurophysiology. Electroencephalogr Clin Neurophysiol
106: 259–261.

68. Berg P, Scherg M (1994) A multiple source approach to the correction of eye
artifacts. Electroencephalogr Clin Neurophysiol 90: 229–241.

69. Ille N, Berg P, Scherg M (1997) A spatial components method for continuous
artifact correction in EEG and MEG. Biomed Tech 42: 80–83.

70. Ille N, Berg P, Scherg M (2002) Artifact correction of the ongoing EEG using

spatial filters based on artifact and brain signal topographies. J Clin
Neurophysiol 19: 113–124.

71. Papp N, Ktonas P (1977) Critical evaluation of complex demodulation
techniques for the quantification of bioelectrical activity. Biomed Sci Instrum

13: 135–145.

72. Hoechstetter K, Bornfleth H, Weckesser D, Ille N, Berg P, et al. (2004) BESA
source coherence: a new method to study cortical oscillatory coupling. Brain

Topogr 16: 233–238.
73. Scherg M, Von Cramon D (1986) Evoked dipole source potentials of the human

auditory cortex. Electroencephalogr Clin Neurophysiol 65: 344–360.
74. Scherg M (1990) Fundamentals of dipole source potential analysis. In: Grandori

F, Hoke M, Romani GL, Auditory Evoked Magnetic Fields and Electrical

Potentials (Advances in Audiology). Switzerland: Karger. pp. 40–69.

75. Scherg M, Berg P (1996) New concepts of brain source imaging and localization.

Electroencephalogr Clin Neurophysiol Suppl 46: 127–137.

76. Oostenveld R, Fries P, Maris E, Schoffelen JM (2011) FieldTrip: open source

software for advanced analysis of MEG, EEG, and invasive electrophysiological

data. Comput Intell Neurosci 2011: 156869.

77. Tallon-Baudry C, Bertrand O, Delpuech C, Pernier J (1996) Stimulus specificity

of phase-locked and non-phase-locked 40 Hz visual responses in human.

J Neurosci 16: 4240–4249.

78. Roach BJ, Mathalon DH (2008) Event-related EEG time-frequency analysis: an

overview of measures and an analysis of early gamma band phase locking in

schizophrenia. Schizophr Bull 34: 907–926.

79. Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: a practical

and powerful approach to multiple testing. JR Stastist Soc 57: 289–300.

80. Dobie RA, Wilson MJ (1993) Objective response detection in the frequency

domain. Electroencephalogr Clin Neurophysiol 88: 516–524.

81. Robinson SE (1989) Theory and Properties of Lead Field Synthesis Analysis. In:

Williamson SJ, Hoke M, Stroink G, Kotani M, Advances in Biomagnetism. New

York: Plenum Press. pp. 599–602.

82. Teale P, Collins D, Maharajh K, Rojas DC, Kronberg E, et al. (2008) Cortical

source estimates of gamma band amplitude and phase are different in

schizophrenia. Neuroimage 42: 1481–1489.

83. Scherg M, Ille N, Bornfleth H, Berg P (2002) Advanced tools for digital EEG

review: virtual source montages, whole-head mapping, correlation, and phase

analysis. J Clin Neurophysiol 19: 91–112.

84. Heinrichs-Graham E, Wilson TW (2012) Presence of strong harmonics during

visual entrainment: a magnetoencephalography study. Biol Psychol 91: 59–64.

85. Campbell FW, Robson JG (1968) Application of Fourier analysis to the visibility

of gratings. J Physiol 197: 551–566.

86. Gowdy PD, Stromeyer CF, 3rd, Kronauer RE (1999) Facilitation between the

luminance and red-green detection mechanisms: enhancing contrast differences

across edges. Vision Res 39: 4098–4112.

87. Ross B, Herdman AT, Pantev C (2005) Right hemispheric laterality of human

40 Hz auditory steady-state responses. Cereb Cortex 15: 2029–2039.

88. Tesche CD, Uusitalo MA, Ilmoniemi RJ, Huotilainen M, Kajola M, et al. (1995)

Signal-space projections of MEG data characterize both distributed and well-

localized neuronal sources. Electroencephalogr Clin Neurophysiol 95: 189–200.

89. Uusitalo MA, Ilmoniemi RJ (1997) Signal-space projection method for

separating MEG or EEG into components. Med Biol Eng Comput 35: 135–140.

Auditory Steady-State Response Reliability

PLOS ONE | www.plosone.org 10 January 2014 | Volume 9 | Issue 1 | e85748


