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Abstract 

 Individual differences in orientation discrimination threshold are related to both visually-induced 

peak gamma frequency and the presence of autistic traits. The relationship between peak gamma frequency 

and orientation discrimination thresholds may be due to both of these factors being mediated by levels of 

neural inhibition. No study has previously measured the relationship between peak gamma frequency and 

levels of autistic traits. Thus, this was the aim of the present study.  

 We measured orientation discrimination thresholds and autistic traits in a neurotypical human 

sample (N=33), and separately recorded electroencephalography to measure visually induced gamma 

activity. In line with our prediction, we found a significant relationship between peak gamma frequency and 

level of autistic traits. Consistent with previous work we also found significant relationships between 

orientation discrimination thresholds and level of autistic traits and between orientation discrimination 

thresholds and peak gamma frequency.   

 Our results demonstrate that individuals with individuals with higher levels of autistic personality 

traits have a higher peak-gamma frequency and are better at discriminating between visual stimuli based on 

orientation. As both higher peak gamma frequency and lower orientation discrimination thresholds have 

been linked to higher levels of neural inhibition, this suggests that autistic traits co-occur with increased 

neural inhibition. This discovery is significant as it challenges the currently-held view that autism spectrum 

conditions are associated with increased neural excitation. 
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Introduction 

 Visual perception varies considerably between individuals. Individual differences are evidenced 

by variability in sensory discrimination thresholds measured by a range of psychophysical tasks including 

contrast sensitivity, wavelength discrimination, Vernier acuity and orientation discrimination (Edden et al., 

2009; Halpern et al., 1999). In relation to orientation discrimination, we have previously shown that 

individual differences are related to the presence of autistic personality traits: higher levels of autistic traits 

are associated with lower (superior) orientation discrimination thresholds (Dickinson et al., 2014). Here we 

investigate whether variability in the balance of neural excitation and inhibition (E/I) as indexed by peak 

gamma frequency, is associated with variability in orientation discrimination thresholds and autistic traits.   

The peak frequency of gamma band (>30Hz) activity recorded using magnetoencephalography 

(MEG) or electroencephalography (EEG) in human subjects provides an incisive way of inferring the 

balance of neural excitation and inhibition (E/I). This is because oscillatory activity in the gamma frequency 

range is said to emerge from the interaction and balance of E/I processes (Buzsáki  & Wang, 2012). 

Furthermore, mathematical models suggest that higher levels of inhibition are associated with a higher peak 

gamma frequency (Brunel & Wang, 2003). Studying peak gamma frequency can therefore provide us with a 

metric of the E/I balance, and an indication of whether an imbalance is caused by excessive inhibition, or 

excitation.   

In typical observers, peak gamma frequency has been found to correlate with orientation 

discrimination thresholds such that higher peak gamma frequency is associated with lower thresholds 

(Edden et al., 2009). This relationship presumably reflects the role of neural inhibition in shaping the tuning 

curves of orientation selective neurons. For example, applying a GABA antagonist to block inhibition 

reduces orientation selectivity (e.g. Katzner et al., 2011; Sillito, 1975) whist the application of GABA leads 

to cells becoming more narrowly tuned (Li et al., 2008). In addition, resting levels of GABA and oblique 

orientation discrimination thresholds are correlated in human subjects, with higher levels of resting GABA 

being associated with enhanced orientation discrimination thresholds (Edden et al., 2009). Individual 

variability in E/I balance is therefore related to individual differences in sensory sensitivity. 



4 

 

Measuring peak gamma frequency allows us to investigate E/I balance on a spatial scale relevant to 

visual perception in human subjects, and establish whether individual variation in E/I balance may underpin 

the relationship between orientation discrimination thresholds and autistic traits. To our knowledge, no 

studies have reported peak gamma frequency either in individuals with autism spectrum conditions (ASC), 

or in relation to autistic traits, although in-line with existing work (Dickinson et al. 2014; Edden et al. 2009) 

we predict that individuals with a higher level of autistic traits will have lower orientation discrimination 

thresholds and a higher peak gamma frequency.  
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Method 

Participants 

Thirty-three healthy volunteers with normal or corrected to normal vision were recruited from the 

student and local community population (21 male, 12 female; mean age 25; age range = 18 – 45). Every 

participant in the current study had taken part in a previous study investigating the relationship between 

orientation discrimination thresholds and autistic personality traits (Dickinson et al., 2014) in which all 116 

participants were given the option of taking part in an additional testing session during which EEG would be 

recorded. The 33 participants in the current study are those who indicated they would also like to take part in 

the additional EEG recording session, which was carried out on the same day. The orientation discrimination 

data for these participants can be found in Dickinson et al. (2014). The study received ethical approval from 

the Department of Psychology University of Sheffield ethics committee. Participants provided informed 

written consent, in accordance with the declaration of Helsinki. 

Questionnaire 

Participants completed the Autism Spectrum Quotient (AQ), which measures autistic traits in the 

general population (Baron-Cohenet al., 2001). The AQ is a self-report questionnaire in which participants 

state whether they agree or disagree with a series of 50 statements based around different social and 

communication preferences. Each statement receives a score of 0 or 1, with 1 indicating the presence of an 

autistic trait. The maximum score on the AQ is 50, with higher scores indicating a higher level of autistic 

traits.  

Orientation discrimination task 

Orientation discrimination thresholds were measured using a two-alternative forced choice adaptive 

staircase procedure based on that described by Edden and colleagues (2009) and used by Dickinson et al. 

(2014).  The sequence of events in each trial is illustrated in figure 1. On each trial a reference grating and a 

target grating were presented sequentially, each for 350ms, separated by a 500ms delay.  The circular 

gratings (diameter 4°; spatial frequency 3 cycles/degree; contrast 99%; mean luminance 83 cd/m2) were 
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created in MatLab (The MathWorks Inc., Natick, MA, 2000) using the PsychToolbox set of functions 

(Brainard, 1997). The phase offset of each grating was randomised. Participants completed the experiment 

in a completely dark room. The stimuli were displayed on a linearised AMW MR19C-ABAD LCD monitor 

with a spatial resolution of 1280 x 1024 pixels and a temporal resolution of 60Hz. Participants were seated 

57cm away from the monitor which had a circular aperture placed over it in order to remove any orientation 

cues provided by the edge of the screen. 

 Participants were asked to judge whether the target grating had been rotated clockwise or anti-

clockwise compared to the reference grating.  Each run consisted of four randomly interleaved staircases. 

There were two conditions, in one condition the reference grating was oriented at 0 degrees (vertical) and in 

the other it was oriented 45 degrees clockwise from vertical. Two staircases were used for each condition. 

One presented the clockwise transformations of the stimulus and the other presented the anti-clockwise 

transformations.  

Responses were recorded by the participant using the left and right arrow keys on a keyboard. A one-

up three-down staircase method was used, which converged on 79% correct performance (Leek, 2001). The 

initial target grating was presented at 5 degrees away from the reference grating. The initial step size was 1 

degree which decreased by 75% after every reversal. 

EEG Task 

Apparatus 

EEG data were collected using the BioSemi ActiveTwo system (BioSemi, Amsterdam, The 

Netherlands). Recordings were taken from 128 electrodes at a sampling rate of 2048Hz. All EEG was 

filtered online with a band pass of 0.01 -140Hz and digitised using BioSemi ActiView software. Direct 

current offset voltages were kept below +/- 25mV. All recordings were carried out in an electrically shielded 

room. Stimuli were displayed on a linearised Viglen LCD  monitor with a spatial resolution of 1280 x 1024 

pixels and a temporal resolution of 60Hz.  
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Procedure 

Participants were asked to sit comfortably and keep movement to a minimum. They were instructed 

to fixate on a red cross in the centre of the computer monitor throughout the experiment. In order to 

maintain attention they were asked to respond by pressing the spacebar when a black and white grating 

disappeared from the screen.  

Peak gamma frequency has been shown to be affected by both contrast (Ray and Maunsell, 2010) 

and position in space (Lima et al., 2009; van Pelt and Fries, 2013) in animal studies. We therefore used 

identical stimuli during the EEG recording session to  Edden and colleagues (2009) who used a standardised 

stimulus presentation paradigm to estimate visually elicited peak  gamma frequency activity in human 

participants using MEG. A red cross (1° x 1°) located in the centre of the screen was constantly present 

throughout the experiment. A black and white square grating (4° x 4°; spatial frequency 3 cycles/degree; 

contrast 99.6%; mean luminance 39.33 cd/m2), located to the bottom left of the fixation cross, was 

repeatedly presented for between 1500 - 2500 milliseconds with an inter stimulus interval of 1500-2500ms. 

200 trials were presented, separated into two blocks with a self-timed break in between. Participants were 

instructed to respond to first half of the trials using their right hand, and the second half using their left hand. 

Participants sat 57cm away from the monitor, at this distance the stimuli subtended by 4 visual degrees.  

Problems of measuring induced gamma activity 

EEG recorded at the scalp is a linear mixture of several sources of neural activity, as well as several 

sources of non-neural artifcat.  Electrooculography (EOG) and electromyography (EMG) artifacts are highly 

prevalent in the EEG signal. In addition, there are also artifacts which are particularly problematic for the 

current investigation as they share a similar frequency range to the gamma band of interest. For instance 

power line interference causes artifacts throughout the EEG signal at 50Hz. In addition, there have been 

previous reports of EEG power changes in the gamma frequency range between 200 and 300ms post 

stimulus onset that are related to saccadic eye movements (Yuval-Greenberg, Tomer, Keren, Nelken & 

Deouell, 2008). Power line interference and the saccadic spike potential (SP) would therefore overlap with 

both the time and frequency range of interest here (>30Hz).  
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A solution to this problem is to use independent component analysis (ICA), a statistical blind source 

separation technique, to decompose the EEG recording into maximally independent components (Makeig, 

Jung, Bell, Ghahremani & Sejnowski, 1997) Analysing data from a single independent component for each 

participant which best represented the visual response to the stimuli allowed us to isolate the visual response 

and eliminate artifacts including EMG, EOG, the SP and the small amount of residual 50Hz power line 

interference that resisted shielding.   

EEG Analysis 

Continuous EEG data were down-sampled from 2048Hz to 1024Hz using BioSemi DBF Decimator 

software. The rest of the offline data analysis was performed using EEGLAB (Delorme & Makeig, 2004), 

and in-house MATLAB scripts. Data were referenced to the vertex electrode and high pass filtered to 

remove frequencies below 1Hz, using a finite impulse response filter, as implemented in EEGLAB. Data 

were then visually screened and any artifactual channels or segments of data were removed. After removing 

artifactual channels an average of 117 channels (SD = 8.27, range = 91 - 127) remained for each participant.  

Data were then segmented into epochs (-200 -1500 ms) corresponding to the presentation of the 

stimulus at 0ms. Any trials in which the participant did not respond within 1500ms following stimulus-offset 

were removed. After this process an average of 185 epochs per participant remained (SD = 11.58, range = 

149 – 200).  

After epoching, extended infomax ICA was carried out using EEGLAB (Delorme & Makeig, 2004). 

Finally, the source location for each independent component was estimated using the DIPFIT function in 

EEGLAB. DIPFIT estimates the anatomical location using inverse source modelling by creating an 

equivalent current dipole model which best represents the scalp topography of each independent component, 

applied to a standard boundary head model (Oostendorp & Van Oosterom, 1989).  

We then used a standardised process (described below) to select a single component for each 

participant for gamma-band analysis.  
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Independent Component Selection 

The scalp topography of each component was visually inspected. Any components which had focal 

activity in the occipital cortex which was lateralised to the right hemisphere were initially selected. This led 

to up to 8 components being selected for each participant (M = 4.33, SD = 1.53, range = 2 - 8). The time 

course of each of the selected components was used to exclude any components without a clear visual 

evoked potential. This led to up to 4 components being retained for each participant (M = 2.03, SD = .81 , 

range= 1 - 4). Time frequency analysis (described below) was then performed on each of the remaining 

components. Any components which did not show a stimulus elicited change in oscillatory gamma activity 

were excluded. The final component for each participant was selected on the grounds of the clearest 

sustained visually elicited change in gamma power. The final component was chosen out of a maximum of 3 

components per participant (M = 1.64, SD = .70, range=1 - 3). 

To summarise, for each participant a single independent component was selected on the basis of it 

reflecting a source of activity in or near right occipital cortex and demonstrating visually-induced neural 

activity, including an increase in post-stimulus gamma-band power. Component selection was carried out 

while the experimenter was blind to both the AQ score and orientation-discrimination threshold of the 

participant.  

Time-Frequency Analysis  

The time series of the selected independent component from each subject was then analysed in the 

time-frequency domain using wavelet transforms.  Wavelet methods offers advantages over windowed 

fourier methods in that each wavelet is specific to both time and frequency and is not subject to edge effects. 

It has advantages over multitaper methods in that less effective smoothing in both time and frequency occurs 

thus offering greater spectral and temporal resolution (Cohen, 2014).  The complex Morlet wavelet (a 

complex exponential modulated by a Gaussian, の0= 6; where の0 is nondimensional frequency) was chosen 

as the function ね0 because it provides a good balance between time and frequency localisation for feature 

extraction purposes (Grinsted, Moore &  Jevrejeva, 2004; Müller et al., 2004). The complex Morlet wavelet 

is described by the following function: 
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 ߰(ߟ) =  ଵ/ସ݁ఠబఎ݁ିఎమോଶ 1ିߨ

 

The wavelet transform ܹ ௫(݊,  is a complex quantity whose modulus expresses the amount of (ݏ

power in ݔ and whose angle represents the local phase localised in time and frequency (scale). Scale 

determines the temporal resolution of the analysis. The continuous wavelet transform of a time series ݔ of ܰ subsampled data points at equal time increments of ݐߜ (Kaiser, 1994), is defined as the convolution of ݔ 

with a scaled and translated version of ߰: 
 ܹ௫(݊, (ݏ = ඨݏݐߜ   כᇲ߰ݔ

ே
ᇲିଵ ቈ(݊ᇱ െ ݊)Ɂtݏ  2 

 

where ߰ כ  is the complex conjugate of ߰, ݊  is the time index and ݏ denotes the wavelet scale. The set of 

scales were chosen such that the number of octaves per scale was set at 1/60 which provided a sufficiently 

‘smooth’ picture of wavelet power and resulted in sufficient spectral resolution in the Gamma range for the 

purposes of the present investigation (<1Hz).  The time series of the selected component for each subject for 

each stimulus presentation trial was analysed using this wavelet method. The mean values of power for each 

scale during the pre-stimulus period for each trial was considered to be baseline and was subtracted from the 

wavelet transforms. As such, data is presented as changes in power following stimulus presentation (see 

Figure 2). For each subject the wavelet transforms were performed on each epoch and were then trial-

averaged to increase signal to noise ratio.  A curve was fitted to the spectra at the time point associated with 

the maximum increase in gamma power following stimulus presentation using non-linear least squares.  The 

single frequency associated with the maximum of this fitted curve was taken as the metric of peak gamma 

frequency for each subject (see figure 2C).   
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Results 

AQ scores ranged from 6 to 42 (M= 19.3, SD = 10.5). The mean orientation discrimination threshold 

in the vertical and oblique conditions condition was 1.53 ± 1.09° (range = .44 – 5.41 °) and 5.69 ± 2.52° 

(range = 2.32 – 11.56°) respectively. A classic oblique effect was observed as orientation discrimination 

thresholds were significantly higher in the oblique condition than in the vertical condition, t (32) = -11.391, 

p = <.0001. Given that the oblique condition provides a more sensitive indication of orientation 

discrimination than the vertical condition (Dickinson et al., 2014) only oblique thresholds were used in 

further analyses. We checked for any potential attention related effects on performance by comparing 

individuals’ thresholds on the first and second runs of the orientation discrimination task. There was no 

difference between mean scores on the first (M=5.94, SD=2.77) and second run (M=5.45, SD=2.55) 

(t(32)=1.66, p=.1). AQ score was not correlated with the difference between the two runs (r=.298, p=.09). 

Peak gamma frequency ranged from 30.27 to 89.66Hz (M=59.37, SD=15.66). As peak gamma 

frequency has been shown to be related to attention in animal studies, (Bosman et al., 2012), we checked 

whether peak gamma frequency when calculated from the first and second halves of the EEG recording was 

consistent. Specifically, we were keen to ensure that individual differences in levels of attention could not 

account for the relationship between peak gamma frequency and AQ score. Wavelet analyses as described in 

the method section were carried out separately for the first and second half of trials. The second half of trials 

had a slightly higher peak gamma frequency (M=61.51, SD=15.39) than the first half (M=57.61, SD=18.36), 

but this difference was not statistically significant (t(32)=-1.492, p=.146). Importantly, the difference 

between the peak gamma frequency for the first and second half of trials was also unrelated to AQ score (r=-

.04, p=.822).   

There was a significant negative correlation between oblique orientation discrimination thresholds 

and AQ score (r=-.492, p=.004, Figure 3A). Note that the data reported here represent a subset of a larger 

dataset reported elsewhere (Dickinson et al., 2014), therefore we highlight that a significant correlation 

between these two variables was still observed even in this restricted number of participants. As 

hypothesised, there was also a significant negative correlation between peak induced gamma frequency and 
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oblique orientation discrimination threshold (r=-.526, p=.002, Figure 3B), and a significant correlation 

between AQ score and peak induced gamma frequency (r=.582, p=<.001, figure 3C).  
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Discussion 

Here we show that individual differences in peak gamma frequency are related to both autistic traits and 

oblique orientation discrimination thresholds. Orientation discrimination thresholds have previously been 

found to be lower in those with higher levels of autistic traits (Dickinson et al., 2014) and lower in those 

with higher peak gamma frequencies (Edden et al., 2009). Therefore, we predicted that peak gamma 

frequency would be higher in those with higher levels of autistic traits; this prediction was supported by the 

data. These data also replicate existing work by showing a significant negative correlation between 

orientation discrimination thresholds and peak gamma-frequency (Edden et al., 2009).  

Modelling work demonstrates that the frequency of gamma-band oscillations is affected by the 

balance between excitatory and inhibitory processes. Both a higher ratio of inhibition to excitation, and 

faster inhibition than excitation have been said to lead to a higher peak gamma frequency (Brunel & Wang, 

2003). Given the role of inhibition in shaping orientation selectivity, the relationship between orientation 

discrimination thresholds and peak gamma frequency also supports that higher levels of inhibition are 

associated with a higher peak gamma frequency (Edden et al., 2009). Therefore we suggest that a higher 

level of autistic traits may indicate an increase in neural inhibition. Increased inhibition may be mediated 

through a number of means, including increased levels of GABA, reduced levels of glutamate, or atypical 

lateral connectivity. 

One body of work suggests that it is variation in GABA levels specifically that may drive individual 

differences in peak gamma frequency (Chen et al., 2014; Muthukumaraswamy, et al., 2009; Edden et al., 

2009). However, this claim has recently been put into question by a study which failed to find any 

relationship between peak gamma frequency and resting GABA levels measured using magnetic resonance 

spectroscopy (MRS; Cousijn et al., 2014). It is important to note that there are limitations to measuring 

GABA in human participants, as MRS measures a mix of macromolecules and homocarnosine, as well as 

GABA (Gao et al., 2013). Also, MRS measures GABA in a relatively large area of brain (27cm3), and it can 

be hard to localise such a large voxel to a particular cortical area (Puts & Edden, 2012). Therefore, in-light 

of the work from Cousijn and colleagues (Cousijn et al., 2014), we remain open to the possibility that  other 
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causal factors may drive individual differences in inhibition, including structural differences which may also 

impact excitatory and inhibitory processes. For instance, V1 size has also been shown to correlate with peak 

gamma frequency (Schwarzkopf et al., 2012).  Peak gamma frequency has also been found to have a strong 

genetic determination, with a heritability of around 91% (van Pelt et al., 2012).  

Our study is the first to investigate peak gamma frequency in relation to autistic traits, and we 

suggest it is a technique which could help shed light on the postulated disruption to E/I balance in ASC. Due 

to interest in the E/I balance, gamma-band activity has been extensively studied in individuals with ASC 

(e.g. Orekhova et al., 2007; Grice et al., 2001), and is said to be atypical (Uhlhaas & Singer, 2006). 

However, all previous studies of gamma oscillations in ASC have reported gamma power and not gamma 

frequency. Here, we demonstrate that peak gamma-frequency may be a useful metric for the study of E/I in 

ASC. 

When considering the implications of this finding to the understanding of ASC, it is reasonable to 

predict that individuals with ASC will show enhanced perceptual discrimination, and to suggest that this is 

underpinned by increased neural inhibition. It is certainly the case that lower perceptual thresholds have 

been reported in those with ASC across a number of domains including orientation discrimination (Bertone 

et al., 2005) pitch discrimination (Heaton, Hermelin & Pring, 1998; see Haesen, Boets & Wagemans, 2011, 

for a review) and somatosensory discrimination (Cascio et al., 2008). On the basis of these data, it has 

previously been suggested that inhibition might be increased in ASC.  

Bertone and colleagues (2005) postulated that higher levels of lateral inhibition exist in individuals 

with ASC due to atypical neural connectivity. In support of this claim, studies employing psychophysical 

paradigms such as crowding and lateral masking suggest that lateral connectivity, which is mediated by E/I 

interactions, is altered in those with ASC (Kéïta et al., 2011). However, this suggestion is at odds with a 

prominent theory suggesting that inhibition is reduced in ASC, leading to cortical hyperexcitability 

(Rubenstein & Merzenich, 2003). Clearly, the theory of reduced neural inhibition is incompatible with 

evidence of superior perceptual discrimination in ASC (c.f. Dickinson & Milne, 2014). A small number of 

studies have attempted to measure inhibition in ASC directly by using MRS to measure levels of resting 
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state GABA (Gaetz et al., 2014; Harada et al., 2011; Rojas et al., 2014). Results are generally in favour of 

lower levels of GABA in ASC at least in the motor cortex (Gaetz et al., 2014) and auditory cortex (Gaetz et 

al., 2014: Rojas et al., 2014), but not in the occipital cortex (Gaetz et al., 2014). However, as noted above 

there are limitations of measuring GABA in human subjects therefore it may be worth exercising caution 

when drawing conclusions about neural inhibition from measures of GABA until the techniques have been 

refined. 

Further work is clearly needed to establish whether inhibitory or excitatory processes are altered in 

ASC, and if so, through which mechanisms.  Here we raise the issue that although the theory of reduced 

inhibition / increased excitation has been highly influential in the field of autism research, evidence from 

sensory discrimination thresholds in ASC is not in-line with this claim. Our current finding that high levels 

of autistic traits are associated with both lower orientation discrimination thresholds and higher peak gamma 

frequencies is not consistent with this theory as it suggests increased, rather than decreased, levels of 

inhibition. Given that some individuals with ASC also have lower discrimination thresholds (Bertone et al., 

2005; Cascio et al., 2008; Heaton, Hermelin & Pring, 1998), we highlight that it is important to revisit the 

assumption that ASC is associated with reduced levels of inhibition.   

To conclude, here we find that individual differences in autistic traits are associated with variability 

in both orientation discrimination thresholds and peak gamma frequency. This leads to the novel hypothesis 

that inhibition levels may also mediate levels of autistic traits. Ours and others work suggests that measuring 

peak gamma frequency represents a promising technique for investigating a putative E/I imbalance in ASC.  

Specifically, we suggest that higher levels of inhibition are associated with the presence of autistic traits.  
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Figures 

Figure 1. Schematic diagram of the orientation discrimination task. 
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Figure 2. (A) Time frequency decomposition and scalp map of the selected component of a subject with a 

low AQ score. (B) Time frequency decomposition and scalp map of the selected component of a subject 

with a high AQ score. (C) The total power change at each frequency for the low (plotted in blue) and high 

(plotted in red) subjects plotted in 2A and 2B.  
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Figure 3. (A) Correlation between oblique orientation discrimination threshold and AQ score (N=33). (B) 

Correlation between oblique orientation discrimination threshold and peak gamma frequency (N=33). (C) 

Correlation between peak gamma frequency and AQ score (N=33).  
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