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Abstract

Individual differences in orientation discrimination threshold are relatbdttovisually-induced
peak gamma frequency and the presence of autistic traits. The relationsl@prbpeak gamma frequency
and orientation discrimination thresholds may be due to both of these factors beiaganggievels of
neural inhibition. No study has previously measured the relationship between peak fgagueacy and

levels of autistic traitsThus, this was the aim of the present study.

We measured orientation discrimination thresholds and autgiti€ih a neurotypical human
sample (N=33), and separately recorded electroencephalography to measuseintiiad gamma
activity. In line with our prediction, we found a significant relationship betweak gamma frequency and
level of autistic tras. Consistent with previous work we also found significant relationships between
orientationdiscrimination thresholds anelvel of autistic traits and between orientation discrimination

thresholds and peak gamma frequency.

Our results demonstrate thatlividuals withindividuals withhigher levels of autistic personality
traitshave ahigher pealgamma frequency arate 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 suggestsautistic traits coccur with increased
neural inhibition.This discovery is significant as it challenges the curremglg view thatautism spectrum

conditiors are associated with increased neural excitation.



I ntroduction

Visual perception varies considerably between individuals. Indiviltiatences are evidenced
by variability insensory discrimination thresholageasured by a range jpgychophysical tasks including
contrast sensitivity, wavelength discrimination, Vernier acuity and otientdiscrimination Edden et al.,
2009;Halpern et al., 19991n relation to orientation discrimination, we have previously shown that
individual differences areelated to the presence of autistic personality traits: higher levels of auigsc tr
are associated with lower (superior) orientation discrimination thresHaiclgr{son et al., 2014 Here we
investigate whether variability in the balance of neuxaltation and inhibition (E/I) as indexed by peak

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

The peak frequency of gamma band (>30Hz) activity recorded using magnetoengepiat
(MEG) or electroencephalography (EEG) in human subjects provides an incisive inégriofig the
balance of neural excitation and inhibition (E/l). This is because oscillatbwtyain the gamma frequency
range is said to emerge from the interaction anchbalaf E/I processe8(zsaki & Wang, 2012
Furthermore, mathematical models suggest that higher levels of inhibitiossamated with a higher peak
gamma frequency (Brunel & Wang, 2003). Studying peak gamma frequency Hartherovide us with a
metric of the E/I balance, and an indication of whether an imbalance is causezkbgive inhibition, or

excitation.

In typical observers, peak gamma frequency has been found to correlate wittionent
discrimination thresholds such that higher peak gamma frequency is assodiatedver thresholds
(Edden et al., 2009). This relationship presumably reflects the role of neuraliamhibishaping the tuning
curves of orientation selective neurons. For example, applying a GABA antagduiisck inhibition
reduces orientation selectivity (eKatzner et al., 2011, Sillito, 1975) whist the application of GABA leads
to cells becoming more narrowly tundd €t al., 2008. In addition, resting levels of GABA and oblique
orientation discriminatiothresholds are correlated in human subjects, with higher levels of resting GABA
being associated with enhanced orientation discrimination thresholds (Edden et al.lri2b@dgyal

variability in E/I balance is therefore related to individual differemce®nsory sensitivity.



Measuring peak gamma frequerathows us tanvestigate E/I balance on a spatial scale relevant to
visual perception in human subjects, and establish whether individual variation in Bdexaday underpin
the relationship between orientation discrimination thresholds and autigsc Ti@miour knowledge, no
studies have reported peak gamma frequency either in individuals with autnuspeonditionsASC),
or in relation to autistic traits, althoughline 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 atientdiscrimination

thresholds and a higher peak gamma frequency.



Participants

Thirty-three healthyolunteers 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 = 18ery5). E
participant in the current study had taken part in a previous study investidpgiredationship between
orientation discrimination thresholds and autistic personality traits (Bichkiet al., 2014) in which all 116
participants were given the option of taking part in an additional testing sessiog which EEG would be
recorced. The 33 participants in the current study are those who indicated they woullleateddke part in
the additional EEG recording session, which was carried out on the same day. iitagi@mieiscrimination
data for these participants canfband in Dickinson et al. (2014). The study received ethical approval from
the Department of Psychology University of Sheffield ethics committegciPants provided informed

written consent, in accordance with the declaration of Helsinki.
Questionnaire

Participants completed the Autism Spectrum Quotient (AQ), which measures anatitstim the
general population (Baron-Coletral.,2001). The AQ is a self-report questionnaire in which participants
state whether they agree or disagree with a seri&8 sfatements based around different social and
communication preferences. Each statement receives a score of 0 or 1, witatinigdine presence of an
autistic trait. The maximum score on the AQ is 50, with higher scores indicatiggex kevel of autistic

traits.
Orientation discrimination task

Orientation discrimination thresholds were measured using alteative forced choice adaptive
staircase procedure based on that described by Edden and colleagues (2009) andiokeddy € al.
(2014). The sequence of events in each trial is illustrated in figure 1. On edehréference grating and a
target grating were presented sequentially, each for 350ms, separatedysadglay. The circular

gratings (diameter®4 spatial frequency 3ycles/degree; contrast 99%; mean luminance 833 dere



created in MatLab (The MathWorks Inc., Natick, MA, 2000) using the PsychToolbok feeictions
(Brainard, 1997). The phase offset of each grating was randomised. Participgritt@dnine experient
in a completely dark room. The stimuli were displayed on a linearised AMW MRBXD LCD monitor
with a spatial resolution of 1280 x 1024 pixels and a temporal resolution of 60Hz. Participemnteated
57cm away from the monitor which had a circular aperture placed over it in order teerampogrientation

cues provided by the edge of the screen.

Participants were asked to judge whether the target grating had been rotzkedselor ant
clockwise compared to the reference grating. Each runsted®f four randomly interleaved staircases.
There were two conditions, in one condition the reference grating was orieftddgrees (vertical) and in
the other it was oriented 45 degrees clockwise from vertical. Two stairgasesised for each cdiion.
One presented the clockwise transformations of the stimulus and the other dréseatgielockwise

transformations.

Responses were recorded by the participant using the left and right ararkakeyboard. A one-
up threedown staircase miedd was used, which converged on 79% correct performance (Leek, 2001). The
initial target grating was presented at 5 degrees away from the refgrating. 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, Aaustetthe
Netherlands). Recordings were taken from 128 electrodes at a sampling2@4&idkz. All EEG was
filtered online with a band pass of 0.01 -140Hz and digitised using BioS&tiView software. Direct
current offset voltages were kept below 22mV. All recordings were carried out in an electrically shielded
room. Stimuli were displayed on a linearised Viglen LCD monitor with a spasalution of 1280 x 1024

pixelsand a temporal resolution of 60Hz.



Procedure

Participants were asked to sit comfortably and keep movement to a minimunwéieewystructed
to fixate on a red cross in the centre of the computer monitor throughout the expdriroeser to
maintain attention they were asked to respond by pregsngpacebar when a black and white grating

disappeared from the screen.

Peak gamma frequency has been shown to be affected by both contrast (Ray and,Mau@el
and position in space (Lima et al., 2009; van Pelt and Fries, 2013) in animal studibsréftee used
identical stimuli during the EEG recording session to Edden and colleagues (2009edlaostendardised
stimulus presentation paradigm to estimate visually elicited peak gamma frequérity in human
participants using MEGA red coss (I 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 fre@ueyres/degree
contrast 99.6%; mean luminance 39.33 &l/incated to the bottom left of tHixation cross, was
repeatedly presented for between 1500 - 2500 milliseconds with an inter stimue iotd500-2500ms.
200 trials were presented, separated into two blocks with &reelf-break in between. Participants were
instructed to respond to first half of the trials using their right hand, and the setiomsirgatheir left hand.

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

Problems of measuring induced gamma activity

EEG recorded at the scalp is a linear mixture of several sources of neurg},aadiwell as several
sources of nomeural artifcat. Electrooculography (EOG) and electromyography (EMi&cés are highly
prevalent in the EEG signal. In addition, thare also artifacts which are particularly problematic for the
current investigation as they share a similar frequency range to the gamdaflinterest. For instance
power line interference causes artifacts throughout the EEG signal atlBQkdldition, there have been
previous reports of EEG power changes in the gamma frequency range betweed 200nas post
stimulus onset that are related to saccadic eye movenyansl{Greenberg, Tomer, Keren, Nelken &
Deouell, 2008 Power line interference and the saccadic spike potentialW&Ry therefore overlap with

both the time and frequency range of interest here (>30Hz).



A solution to this problem is to use independent component analysis (ICA), a stdtistitalource
separation technique, to decompose the EEG recording into maximally independemmeoisi{lakeig,
Jung, Bell, Ghahremani & Sejnowski, 19%halysing data from a single independent component for each
participant which best represented the visual resportde stimuli allowed us to isolate the visual response
and eliminate artifacts including EMG, EOG, the SP and the small amountcfales0Hz 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 usiBg A (Delorme & Makeig, 2004),
and inhouse MATLAB scripts. Data were referenced to the vertex electrode and hidhitpess to
remove frequecies below 1Hz, using a finite impulse response filter, as implemented in BE Glada
were then visually screened and any artifactual channels or segments of éatemeared. After removing

artifactual channels an average of 117 channels (SD = 8ig)g +a91 - 127) remained for each participant.

Data were then segmented into epochs (-200 -1500 ms) corresponding to the presentation of the
stimulus at Oms. Any trials in which the participant did not respond within 1500ms follstumgluseffset
wereremoved. After this process an average of 185 epochs per participant remairretl(SB, range =

149 — 200).

After epoching, extended infomax ICA was carried out using EEGLAB (Del&riakeig, 2004).
Finally, the source location for each independent component was estimated usitRRefinction in
EEGLAB. DIPFIT estimates the anatomical location using inverse sourdelling by creating an
equivalent current dipole model which best represents the scalp topography of epehdedecomponent,

applied to a standard boundary head mo@ek(endorp & Van Oosterom, 1989

We then used a standardised process (described belsaletta single component for each

participant for gammaand analysis.



Independent Component Selection

The scalp topography of each component was visually inspected. Any components whiattaha
activity in the occipital cortex which was lateralised to the right hemisphere vitgayirselected. This led
to up to 8 components being selected for each participant (M = 4.33, SD = 1.53, range FH&-time
course of each of the selected components was used to exclude any components vié#outsaal
evoked potential. This led to up to 4 components being retained for each participant (M = 2.08,1SD =
range= 1- 4). Time frequency analysis (described below) was then performed on each of éiv@mgm
components. Any components which did not show a stimulus elicited change in oscillatorg gativity
were excluded. The final component for each participant wastedlen the grounds of the clearest
sustained visually elicited change in gamma power. The final component was chub®f a maximum of 3

components per participant (M = 1.64, SD = .70, range3j1 -

To summarise, for each participant a single independent component was selectduhsrs thieit
reflecting a source of activity in or near right occipital cortex and denadimgfrvisuallyinduced neural
activity, including an increase in pasimulus gammdand power. Component selection was carried out
while the experimenter was blind to both the AQ score and orientation-discronitiateshold of the

participant.

Time-Freqguency Analysis

The time series of the selected independent component from each subject was tsed antig
time-frequency domia using wavelet transform3/Vavelet methods offers advantages over windowed
fourier methods in that each wavelet is specific to both time and frequency andubject to edge effects.
It has advantages over multitaper methods in that less effective smoothing immeoémd frequency occurs
thus offering greater spectral and temporal resolution (Cohen).20hd complex Morlet wavelet (a
complex exponential modulated by a Gaussian, ®0= 6; where ®0 is nondimensional frequency) was chosen
as thefunction y0 because it provides a good balance between time and frequency localisation for feature
extraction purpose&sfinsted, Moore & Jevrejeva, 2004; Muller et al., 2004 complex Morlet wavelet

is described by the following function:



‘(_/)0(77) = ﬂ_1/4eiw0773_772/2 1

The wavelet transfori?/*(n, s) is a complex quantity whose modulus expresses the amount of
power inx and whose angle represents the local phase localised in time and frequencySsakde).
determines the temporal resolution of the analysis. The continuous wavelet tranfséotime series,, of
N subsampled data points at equal time incremenis (€aiser, 1994), is defined as the convolution.pf

with a scaled and translated versionigf

ot o (n" —n)ét
W(ns) = /?an,wg lu] 5
n'-1

wherey, is the complex conjugate gfy, n is the time index ansl denotes the wavelet scale. The set of
scales were chosen such that the number of octaves per scale was set at t/fBowildied a sufficiently
‘smooth’ picture of wavelet power and resulted in sufficient spectral resolutithe Gamma range for the
purposes of the present investigation (<1Hz). The time series of the selecpemheatrfor each subject for
each stimulus presentation trial was analysed using this wavelet methodedh@afues of power for each
scale during the prstimulus period foeach trial was considered to be baseline and was subtracted from the
wavelet transforms. As such, data is presented as changes in power followirigspresentation (see
Figure 3. For each subject the wavelet transforms were performed on each epoatratiten trial

averaged to increase signal to noise raficurve was fitted to the spectra at the time point associated with
the maximum increase in gamma power following stimulus presentation usidigeanleast squares. The
single frequency assmted 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 discomitmagshold
in the vertical anablique 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 agionehsarimination
thresholds were significantly higher in the oblique condition than in the vertical ioondi(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 gotentialattention related effects on performance by comparing
individuals’ thresholds on the first and second runs of the orientation discriminaiomtase was no
differencebetween 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 betweerothensv(r=.298, p=.09).

Peak gamma frequency ranged from 30.27 to 89.66Hz (M=59.37, SD=1&sg63ak gamma
frequency has been shown to be related to attentianimal studies(Bosman et al., 2012),exchecked
whether pealgamma frequencyhen calculated frorthe first and second halves of thREG recordingwas
consistent. Specifically, we were keen to ensureitigatidual differences in levels of attention could not
account fottherelationship between peak gamma frequency and AQ score. Wavelet analyses lasddiescri
the method section were carried eaparately for thérst and second half of trial$he second half of trials
had a slightly higher peak gamma frequency (M=61.51, SD=15.39) than the first k&lf.0d, SD=18.36),
but this difference was not statistically significant (t(32)492, p=.146). Importantlyhé difference
between the peak gamma frequency for the first and second half of trials evarelated to AQ score (=

.04, p=.822).

There was a significant negative correlation between oblique orientatiomlisdion thresholds
and AQscore (r=.492, p=.004, FigureA). Note that the data reported here represent a subset of a larger
dataset reported elsewhere (Dickinson et al., 2014), therefore we highlightigratieasit correlation
between these two variables was still olaedreven in this restricted number of participants. As

hypothesised, there was also a significant negative correlation betweaengesdd gamma frequency and

11



oblique orientation discrimination threshold (r=-.526, p=.002, Figure 3B), and a signdaragiation

between AQ score and peak induced gamnuéecy (r=.582, p=<.001, figureC3.
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Discussion

Here we show that individual differences in peak gamma frequency are reldieth autistic traits and
oblique orientation discrimination thresholds. Orientation discrimination threshalgs previously been
found to be lower in those with higher levels of autistic traits (Dickinson et al., 2@d4pwaer in those
with higher peak gamen frequencies (Edden et al., 2009). Therefore, pnedlictedthat peak gamma
frequency would be higher in those witigtrer levels of autistic traitshis predictionwas supported by the
data. These data also replicate existing work by showing a significant veegatirelation between

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

Modelling work demonstrates that the frequency of ganiraad oscillations isaffected bythe
balancebetween excitatory and inhibitory pesses Both a higher ratio oinhibition to excitation and
fasterinhibition thanexcitationhave been said to lead a higher peak gamma frequer{Byunel & Wang,
2003) Given the role of inhibition in shaping orientation selectivity, the relationséiyween orientation
discrimination thresholds and peak gamma frequency also supports that higherofeirdibition are
associated with a higher peak gamma frequdicigden et al., 2009)herefore we suggest that a higher
level of autistic traits may idicate an increas® neural inhibition. Increased inhibition may be mediated
through a number of means, including increased levels of GABA, reduced ¢é\gllgamate, or atypical

lateral connectivity.

One body of work suggests that it is variation in GABA levels specificallyntfag drive individual
differences in peak gamma frequency (Chen et al., 20idhukumaraswamy, et al2009; Edden et al.,
2009. However, this claim has recently been put igtestion by a study which failed to find any
relationship between peak gamma frequency and resting GABA Imeasuredising magnetic resonance
spectroscopy (MRSCousijn et al., 2014 It is important to note that there are limitations to measuring
GABA in human participantgs MRS measurea mix of macromolecules and homocarnosine, as well as
GABA (Gao et al., 2013 Also, MRS measures GABA in a relatively large area of brain (37@nd it can
be hard to localise such a large voxel to a particuldicab area (Puts & Edden, 2012)herefore, iAlight

of the work fromCousijnand colleaguesGousijn et al., 2014 we remain opeto the possibility thatother

13



causal factorsay driveindividual differences in inhibition, including structural differences whicly alao
impactexatatory and inhibitory processes. For instance, V1 Baalso been shown to correlate with peak
gamma frequencySchwarzkopf et gl.2012. Peak gamma fregency has also been found to have a strong

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

Our study is the first to investigate peak gamma frequency in relation to awéigi@and we
suggest it is a technique which could help shed light on the postulated disrugiiibbdatance in ASCDue
to interest in the E/I balance, gamimand activityhasbeen extensgely studied in individuals with ASC
(e.g. Orekhova et al., 2007; Grice et al., 2001), and is said to bea{yilhaas & Singer, 2006
However, all previous studies of gamma oscillations in ASC hgpartedgamma poweand not gamma
frequencyHere, we demonstrate that peak garfreguency 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, itsisnagale to
predict that individuals with ASC will show enhanced perceptual discriminationpasuhgest that this is
underpinned by increased neural inhibition. Icéetainly the case that lower perceptual thresholds have
been reported in those with ASC across a number of domains including orientation disom{Bertone
et al., 2005) pitch discriminatiotdéaton, Hermelin & Pring, 1998ee Haesen, Boets & Wagans, 2011,
for a review) and somatosensory discrimination (Cascio et al., 2008). On the foi®seodata, it has

previously been suggested that inhibition might be increased in ASC.

Bertone and colleagues (2005) postulated that higher levels of liatatation exist in individuals
with ASC due to atypical neural connectivity. In support of this claim, studies employirtguyysical
paradigms such as crowding and lateral masking suggest that lateral cotynedtinh is mediated by E/I
interactiors, is altered in those with AS®¢{ita et al., 2011 However, this suggestion is at odds with a
prominent theory suggesting that inhibition is reduced in ASC, leading to coryyparexcitability
(Rubenstein & Merzenich, 2003). Clearly, the theory ofuced neural inhibition is incompatible with
evidence of superior perceptual discrimination in ASC (c.f. Dickinson & Milne, 2014). A saraber of

studies have attempted to measure inhibition in ASC directly by using MRS torméaels of resting

14



stateGABA (Gaetz et al., 2014; Harada et al., 20Rbjaset al.,2014. Results are generally in favour of
lower levels of GABA in ASC at least in the motor cortex (Gaetz et al., 20143atitbry cortex (Gaetz et
al., 2014: Rojas et al., 2014), but not in the occipital cortex (Gaetz et al., 2014). Howeverdasboote
there are limitations of measuring GABA in human subjects therefore it may rie ex@rcising caution
when drawing conclusions about neural inhibition from measures of GABA until thedaeblriiave been

refined.

Further work is clearly needed to establish whether inhibitory or exgitptocesses are altered
ASC, and if so, through which mechanismslere we raise the issue that although the theory of reduced
inhibition / increased excitation has been highly influential in the field of augs®arch, evidence from
sensory discrimination thresholds in ASC is nelime with this claim. Our currerfinding that high levels
of autistic traits are associated with both lower orientation discrimindtrestolds and higher peak gamma
frequencies isot consistent withthis theory as it suggests increased, rather than decreased, levels c
inhibition. Given thatsomeindividuals with ASC also have lower discrimination thresh¢Bkstone et al.,
2005; Cascio et al., 2008teaton, Hermelin & Pring, 1998we highlight that it is important to revisit the

assumption that ASC is associated with reduced levels of inhibition.

To conclude, here we find thatdividual differences in autistic traits are associated with variability
in both orientation discrimination thresholds and peak gamma frequency. Thisoe¢aedsbovel hypothesis
that inhibition levels maglso mediate levels of autistic trai@urs and others work suggests timgasuring
peak gamma frequency represents a promising technique for investigating a putatnmaBhce in ASC.

Specifically, we suggest that higher levels of inhibition are associated wifireakence of autistic traits.
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Figures

Figure 1.Schematic diagram of the orientation discrimination task.
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Target grating
oriented at 55°

Reference grating
oriented at 45°

Fis. 1. Schematic diagram of the orientation discrimination task.

Figure 2 (A) Time frequency decomposition and scalp map of the selected component of a stigct w
low AQ score. (B) Time frequency decomposition and scalp map of the selectednmorhof a subject
with a high AQ score. (C) The total power change at eachérexy 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 sco38)XNB)
Correlation between oblique orientation discrimination threshold and peak gangunenicg (N=33). (C)

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