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Abstract

A key feature of early visual cortical regions is that they contain discretely organized retinotopic maps. Titration of these maps
must occur through experience, and the fidelity of their spatial tuning will depend on the consistency and accuracy of the eye
movement system. Anomalies in fixation patterns and the ballistics of eye movements are well documented in autism spectrum
disorder (ASD), with off-center fixations a hallmark of the phenotype. We hypothesized that these atypicalities might affect the
development of visuo-spatial maps and specifically that peripheral inputs might receive altered processing in ASD. Using high-
density recordings of visual evoked potentials (VEPs) and a novel system-identification approach known as VESPA (visual
evoked spread spectrum analysis), we assessed sensory responses to centrally and peripherally presented stimuli. Additionally,
input luminance was varied to bias responsiveness to the magnocellular system, given previous suggestions of magnocellular-
specific deficits in ASD. Participants were 22 ASD children (7–17 years of age) and 31 age- and performance-IQ-matched neuro-
typical controls. Both VEP and VESPA responses to central presentations were indistinguishable between groups. In contrast,
peripheral presentations resulted in significantly greater early VEP and VESPA amplitudes in the ASD cohort. We found no evi-
dence that anomalous enhancement was restricted to magnocellular-biased responses. The extent of peripheral response
enhancement was related to the severity of stereotyped behaviors and restricted interests, cardinal symptoms of ASD. The cur-
rent results point to differential visuo-spatial cortical mapping in ASD, shedding light on the consequences of peculiarities in gaze
and stereotyped visual behaviors often reported by clinicians working with this population.

Introduction

Atypicalities in how individuals with an autism spectrum disorder
(ASD) direct their gaze to socially relevant stimuli such as faces
and eyes have long been noted (Klin et al., 2002; Pelphrey et al.,
2002; Hernandez et al., 2009; Kliemann et al., 2010). It has been
suggested that this arises because ASD individuals tend to fixate on
different kinds of information, such as the mouth or other inanimate
objects in the scene, rather than the eyes (Klin et al., 2002). How-
ever, altered fixation behavior has also been observed using entirely
non-social materials (Joseph et al., 2009), suggesting a more general
difference in visuo-motor processing in ASD. In the few published
examples of eye-traces in ASD participants, fixations are often only

slightly away from targeted regions of interest (Pelphrey et al.,
2002; Rice et al., 2012). Higher variability of saccadic amplitude
has also been observed within (Takarae et al., 2004) and between
autistic participants (Goldberg et al., 2002; Takarae et al., 2004;
Stanley-Cary et al., 2011). Collectively, these studies suggest that
the precision of eye movements is less reliable in ASD.
Much of the early visual cortical hierarchy is organized into a ser-

ies of precise retinotopically mapped regions. A key aspect of these
maps is that they display the so-called cortical magnification factor,
which describes the fact that the region of visual space that we fove-
ate on has considerably more cortex devoted to its processing than
have more peripheral regions (Daniel & Whitteridge, 1961; Tootell
et al., 1982). This non-uniformity of cortical representation is very
dramatic indeed, such that in the squirrel monkey, a 1° stimulus pre-
sented at fixation would activate approximately 42 mm2 of primary
visual cortex (V1), whereas the same stimulus presented at 6° eccen-
tricity would activate only about 1.5 mm2 (Adams & Horton, 2003),
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a near 30-fold difference in representation. The implications for
macroscopic recordings of visual activity at the scalp surface are
clear. Presentation of a stimulus at fixation will result in activation
of a very large patch of early visual cortex relative to when it is pre-
sented at more peripheral locations, which is clearly borne out as a
sharp amplitude decrease in the visual evoked potential (VEP) under
such circumstances (Schlykowa et al., 1993; Jedynak & Skrandies,
1998). Early visuo-spatial maps are developmentally driven, as is
abundantly evident in patients with amblyopia, where functional
imaging has shown that V1 receptive fields are shifted to represent
more parafoveal locations for the strabismic eye (Conner et al.,
2007). Even in neurotypical adults, rapid changes in the mapping of
perceptual space can be induced by experimentally altering the rela-
tionship between eye movements and visual stimulation (Awater
et al., 2005). It seems a reasonable proposition then that the titration
of cortical space representation in early visual regions develops dur-
ing infancy and early childhood and that this development is
strongly influenced by the fidelity of the eye-gaze system. If the
development of visuo-spatial cortical maps has been affected by a
lifetime of relatively imprecise and poorly calibrated eye-fixations, a
straightforward prediction is that one would expect a broader spatial
tuning function for these early cortical maps. That is, parafoveal and
peri-foveal regions would probably be over-represented as these
regions of the retina would be more often trained on the intended
environmental object of interest and, in turn, the representation of
the fovea should be partially reduced. We have derived a simple
‘Altered Cortical Magnification Model’, using the observed values
from the work of Adams and Horton to illustrate the potential
impact of such remapping on the cortical representations for inputs
at various eccentricities (see Fig. 1). This simple model makes some
clear predictions. Spatial representation around the fovea would be
expected to lead to only marginal changes in the absolute extent of
cortex responding to central stimulation (given the truly enormous
tract of V1 dedicated to the central region) whereas the relative
changes in representation outside of the parafoveal region would be
expected to substantially increase the extent of cortex responding
to presentations at this eccentricity (given the initially very sparse
representations at such eccentricities).
Very few studies have examined how altered eye movements and

resultant fixation patterns might influence cortical processing of
visual information in ASD (Dalton et al., 2005). Given the close
link between eye movements and visual cortical representations, as
well as the observed deficits in oculomotor control in autism, we
hypothesized that individuals with autism would exhibit alterations
in the early cortical representations of peripheral visual space. To
test this, VEPs as well as visually evoked spread spectrum response
potentials (VESPA) (Lalor et al., 2006, 2009; Frey et al., 2010)
were obtained for stimuli presented either at the center of gaze or at
a parafoveal location. Because there is an ongoing debate on
whether impaired magnocellular processing contributes to visual
processing differences in ASD (Spencer et al., 2000; Milne et al.,
2002; Robertson et al., 2012) and the proportion of magnocellular
cells increases with increasing retinal eccentricity (Connolly & Van
Essen, 1984) we also employed stimuli specifically biased towards
activation of magnocellular neurons (Butler et al., 2007; Foxe et al.,
2008; Lalor & Foxe, 2009). In visual cortex, magnocellular neurons
feed predominantly into the dorsal stream, known as the ‘where’
pathway for its role in movement processing and object localization
(Mishkin & Ungerleider, 1982). The combination of stimuli biased
towards different visual pathways and different stimulus eccen-
tricities was expected to yield a sensitive measure of visual cortical
representation in ASD.

Methods

Participants

Twenty-two children with a diagnosis of ASD (one female) between
7 and 17 years of age (mean = 11.3; SD = 2.7) and 31 typically
developing (TD) children (11 female) between 6 and 18 years of
age (mean = 12.3; SD = 3.0) participated in this study. Two TD
children were removed from further analysis due to excessive EEG
artifacts, bringing the total number of TD participants to 29. The
age distributions of the two experimental groups were not statisti-
cally different [t49 = 1.32, P > 0.51; Kolmogorov–Smirnov (KS)
test].
Typically developing children were excluded if they exhibited

symptoms of attention deficit-hyperactivity disorder, had a history of
academic or psychiatric difficulties, or were on psychiatric medica-
tions, as reported by parents. Children with autism were excluded if
they had a history of seizures. For both groups, only children whose
non-verbal cognitive functioning was close to or above the average
range, as assessed by the Wechsler Abbreviated Scale of Intelligence
(WASI) (Wechsler, 1999; WASI > 80 or higher on the performance
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Fig. 1. (A) model of cortical magnification as a function of eccentricity
defined by the exponential function: M = 392 (2.26 + ecc)�2.74 (see Adams
& Horton, 2003). The red line in A provides an estimate for the cortical
magnification in typically developing children. The function for ASD partici-
pants was modeled using the assumption that the absolute area of visual cor-
tex is the same as in TD, but their tuning function is not as sharp (the
exponent is reduced by 12%). This results in a reduction of cortical area at
central locations compared with TD participants, but a marked increase at
peripheral locations around 5°. The black rectangle along the horizontal axis
represents the location and size of the central stimulus, while the dark grey
rectangle represents the peripheral stimulus. The table in (B) provides
estimates for the proportion of cortical area stimulated by the stimuli in ASD
participants for different reductions of the exponent. For a 12% reduction in
exponent this model predicts the inner stimulus is processed by about 6%
less cortical area in ASD, while the peripheral stimulus stimulates 23% more
area.
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IQ scale) were included in this study. Diagnosis of an ASD was
confirmed by a research reliable clinician using the Autism Diagnos-
tic Observation Scale (ADOS-G; Lord et al., 2000), the Autism
Diagnostic Interview (ADI-R; Le Couteur et al., 1989) and clinical
judgment. Only children who met ADOS and ADI criteria were
included in the ASD group. Of the 22 children on the autism spec-
trum, eight had a diagnosis of autism, 11 had a diagnosis of Asper-
ger’s syndrome and three had a diagnosis of pervasive
developmental disorder-not otherwise specified (DSM IV; American
Psychiatric Association, 2000). Overall, the non-verbal cognitive
abilities of the TD children (mean = 105.5; SD = 9.6) and those
with ASD (mean = 104.4; SD = 8.4) did not differ (t48 = 0.29,
P > 0.77).
Before entering into the study, informed written consent was

obtained from each child’s parent, and verbal or written assent was
obtained from each child. All procedures were approved by the
Institutional Review Boards of the City College of the City Univer-
sity of New York as well as the Albert Einstein College of Medicine
and conformed to the tenets of the Declaration of Helsinki.

Stimuli and procedure

A checkerboard pattern subtending 6.4° of visual angle (vertically
and horizontally) and with equal numbers of light and dark checks
was used throughout this study. Each individual check subtended
0.8° of visual angle, resulting in a spatial frequency of about 0.625
cycles per degree. Participants were seated in an electromagnetically
shielded EEG recording chamber at 70 cm distance from a 21-inch
CRT monitor (NEC MultiSync FE2111) with a refresh rate of
60 Hz and a resolution of 1024 by 768 pixels. The maximum lumi-
nance of the monitor was set to 117 cd/m2 and background lumi-
nance was 57 cd/m2. The participants rested their heads on a
comfortable chin-rest, which ensured proper viewing distance.
Each participant underwent three runs for each stimulus condition

(Full-Range VESPA, Magno VESPA and VEP) with presentation of
stimuli in the center of the screen as well as 6.2° to the right. All
runs were of 120 s duration. To reduce the amount of task-switch-
ing, we presented all runs at a given eccentricity consecutively. For
each participant it was randomly assigned at which eccentricity the
stimuli were presented first. The order of conditions was randomized
as well. To obtain VEPs, the full-contrast checkerboard was inverted
every second. For the VESPA, the contrast of the checkerboard
pattern was modulated on every screen refresh by a non-binary sto-
chastic signal, which had its power distributed uniformly between 0
and 30 Hz (Lalor et al., 2006; Lalor & Foxe, 2009). In the Full-
Range condition, the contrast of the checkerboard modulated
between 0 and 100%, while in the Magno condition, contrast modu-
lation was limited to between 0 and 10%, a manipulation that biases
activation to this cellular division of the visual system. That is, the
two major cell systems of the visual system, the so-called magnocel-
lular and parvocellular divisions, differ functionally in terms of their
‘preferred’ stimuli. Parvocellular cells, with their spectrally opponent
nature, are known to be less sensitive to luminance contrast than
magnocellular cells (Kaplan & Shapley, 1986; Lee et al., 1990).
They exhibit considerably lower contrast gain and a generally linear
response function across all levels of contrast, a function that does
not saturate, even at the highest contrast levels. The magnocellular
system, by contrast, shows a wholly different response function,
with an initially very steep contrast gain function that saturates
quickly between 10 and 15% contrast (Baseler & Sutter, 1997).
Thus, when contrast changes from mid- to high levels (i.e. from a
high pedestal baseline) only parvocellular cells would be expected

to show sensitivity, whereas fluctuations of contrast below 10% are
expected to substantially bias responsiveness to the magnocellular
division.
Visual evoked potential and VESPA are complementary methods

for obtaining a cortical impulse response. A major advantage of the
VESPA method is that it does not depend on the repetitive presenta-
tion of discrete stimuli. As such, the stimulus remains constantly
present, much as real objects do in the environment. This has the
advantage that information is gathered with every change in feature
(on every monitor refresh). Therefore, a relatively short amount of
time is needed to obtain reliable evoked responses, which is espe-
cially valuable when testing the magnocellular system. In addition,
the VESPA method does not capture exogenous attention to the
same amount as the VEP method. For a detailed description of these
advantages see Lalor et al. (2006), Frey et al. (2010) and Murphy
et al. (2012). One disadvantage of the VESPA method is that it only
captures linear aspects of the cortical response. The firing rate of
neurons in early visual cortices increases in a sigmoidal fashion with
increasing contrast (Reich et al., 2001). Therefore, a fraction of the
early response will not be accounted for by the VESPA. This is not
the case for the VEP method, and as such, combined use of the two
techniques provides us with a comprehensive assay of visual
processing.
A different modulating waveform was used for each run of the

VESPA, although all waveforms had identical statistics. Due to the
lower stimulus power in Magno stimuli and the reduced amplitude
of response in the periphery, participants underwent an additional
three runs for the Magno VESPA in the periphery, whenever possi-
ble. The average number of Magno VESPA runs in the periphery
was 4.48 for TD and 4.41 for ASD.

Control task

The participants were instructed to maintain fixation on the center
of the screen for the duration of each run. To increase the likeli-
hood that participants fixated on the center of the screen and to
decrease boredom, they completed the following tasks. For the cen-
trally presented stimuli, the task was to detect the occurrence of an
‘X’ of mean luminance in the center of the screen. For peripherally
presented stimuli, participants had to detect a subtle luminance
change in a fixation cross presented in the center of the screen
(this cross was not present for the centrally presented stimuli). The
inter-stimulus interval for the targets was set to random values
between 6 and 24 s.

Data acquisition

Seventy-channel scalp EEG was recorded, amplified and digitized at
512 Hz using Biosemi ActiveTwo amplifiers, with a low-pass filter
at 103 Hz. The acquisition of the data occurs relative to an active
two-electrode reference, which drives the average potential of the
participant as close as possible to the analog to digital (AD) con-
version reference voltage of the AD box (for a description of the
Biosemi active electrode system referencing and grounding conven-
tions, see www.biosemi.com/faq/cms&drl.htm).
Eye movements were recorded using an EyeLink 1000 system in

head-free mode. In this setting, the eye-tracker corrects for small
head movements and remains very accurate even with changing
head position. Eye position was recorded at 500 Hz, synchronized
with the EEG recording using triggers every second. Every five
blocks, or more frequently if necessary, the eye-tracker was cali-
brated using a nine-point grid.
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Data analysis

The recorded EEG data were filtered between 0.8 and 50 Hz using
6th order Chebyshev filters with zero phase-shift. These filters have
the advantage of very high attenuation in the stop band with mini-
mal attenuation in the pass-band (< 0.1 dB). Bad channels were
determined using statistics of neighboring channels and interpolated
using linear, distance-weighted interpolation. The EEG data were
then referenced to the average. The raw eye-tracking data were
filtered using a 4th order Butterworth low-pass filter with 15 Hz
cut-off. Due to calibration error, the eye-tracker may represent the
participant’s horizontal gaze position up to 1° to the left or right of
the intended position. This ‘misrepresentation’ will be consistent for
all blocks during a calibration period. We therefore used the follow-
ing method to determine the coordinate for fixation: if within one
set of five blocks with the same calibration the difference between
median eye position in the different blocks was less than 1°, we
used the median x- and y-values across all blocks as the fixation
coordinate. In the vast majority of cases where there was a small
deviation between the recorded and theoretical value, the eye-tracker
represented the eye position to the left of the fixation spot. Due to
technical problems, there was incomplete or missing eye-tracking
data for two ASD and five TD participants. For these participants
the HEOG and VEOG EEG channels were used to determine peri-
ods of stable gaze. During recording, experimenters detected devia-
tions from correct gaze position in the on-line display and
documented poor gaze behavior. As there were no negative
comments in the records of these children, we included them in the
analysis.
Both EEG and eye-tracking data were used for artifact detection.

For the EEG data we used an individual threshold level, due to the
high variance in scalp voltages across different participants that
resulted from the large spread of ages. The threshold was set at
eight times the standard deviation of the EEG data in one block,
restricted between 120 and 220 lV. Because the focus of the analy-
ses was on early visual processing, a parieto-occipital region of
interest was defined by channels Iz, Oz, O1, O2, POz, PO3, PO4,
PO7 and PO8. For the event-related potential analysis, all trials were
removed, in which the eyes moved more than 2° towards or 2.5°
away from the peripheral stimulus within the first 500 ms after stim-
ulus reversal or any occipito-parietal channel exceeded the artifact
threshold. If any other channel outside the occipito-parietal region
of interest exceeded the threshold, this channel was interpolated
using linear, distance-weighted interpolation for the given trial. This
approach eliminates the influence of bad trials on source localiza-
tion. To obtain the VEP the EEG data were aligned to all the stimu-
lus reversals in the remaining trials and averaged.
Data cleaning for the VESPA analysis was performed on sections

of 1 s. If the participants’ eyes moved more than 2° towards or 2.5°
away from the peripheral stimulus or any occipito-parietal channel
exceeded the threshold, the section was declared bad. Within the
section, bad channels outside the occipito-parietal region of interest
were treated equivalently to the event-related potential analysis. The
VESPA, i.e. the impulse response functions using the known moni-
tor luminance signals and the measured EEG signal for each channel
using linear least-squares estimation, was determined in segments of
at least four consecutive artifact-free sections. As in previous stud-
ies, this was done using a 500-ms sliding window (Lalor et al.,
2006). Note that the meaning of this time interval is slightly differ-
ent from the time intervals over which VEPs are typically plotted.
Unlike the VEP, the VESPA time interval is not determined with
relation to a specific discrete event occurring at time 0. Instead, each

time point on the time axis can be interpreted as being the relative
time between the continuous EEG and the continuous input intensity
signal Therefore, the VESPA at + 100 ms indexes how the contrast
signal at any time point affects the EEG 100 ms later. The VESPAs
from all segments for a given participant and condition were then
averaged.
For each participant and condition, two electrodes were chosen

for statistical analysis by determining the channels where the maxi-
mum amplitude of the P1 component was evident in the topography.
This approach was chosen because there was considerable variation
in the topographic distribution of peak activity between participants,
especially for laterally presented stimuli (Fig. 2). A participant was
included in the grand mean, if the signal-to-noise ratio (SNR) of the
evoked response was > 3.5. This SNR value allowed us to balance
clean evoked responses with the exclusion of as few participants as
possible. The restriction to use only participants whose VEP or
VESPA met the SNR criterion reduced the number of participants
(Table 1). There were no significant differences between groups in
any measure (all P > 0.39).

Source localization

The multiple signal classification (MUSIC) technique as implemented
in ASA 4.7.3 (A.N.T., Enschede, Netherlands) was used for source

Table 1. Characteristics of participants included for different experimental
conditions; for age and performance IQ (PIQ) the values in parentheses rep-
resent the standard deviation

Condition TD ASD

VEP central n: 29 (100%)
Age (years): 12.3 (3.0)
PIQ: 105.5 (9.6)

n: 22 (100%)
Age (years): 11.3 (2.7)
PIQ: 104.4 (18.4)

VEP peripheral n: 24 (83%)
Age (years):12.1 (2.7)
PIQ: 106.2 (9.9)

n: 19 (86%)
Age (years): 11.3 (2.8)
PIQ: 103.7 (18.5)

Full VESPA central n: 29 (100%)
Age (years): 12.3(3.0)
PIQ: 105.5 (9.6)

n: 22 (100%)
Age (years): 11.3 (2.7)
PIQ: 104.4 (18.4)

Full VESPA peripheral n: 25 (86%)
Age (years): 12.2 (3.2)
PIQ: 105 (8.4)

n: 17 (77%)
Age (years): 10.8 (2.9)
PIQ: 106.5 (18.3)

Magno VESPA central n: 27 (93%)
Age (years): 12.2 (3.0)
PIQ: 106.0 (9.8)

n: 21 (95%)
Age (years): 11.3 (2.8)
PIQ: 103.8 (18.7)

Magno VESPA peripheral n: 20 (69%)
Age (years): 11.3 (2.7)
PIQ: 105.7 (9.0)

n: 16 (73%)
Age (years): 11.2 (2.7)
PIQ: 101.3 (20.1)

Fig. 2. Examples of VEP topographies around the individual peak in the P1
timeframe (115 ms) for three different TD participants.
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localization. This inverse solution method estimates multiple dipoles
in a discrete search space. The signal space is divided into source and
noise subspace using principal component analysis and dipoles are
found by minimizing the projection into the noise subspace (cost func-
tion). The obtained results were confirmed using the standardized low-
resolution brain electromagnetic tomography (sLORETA; Pascual-
Marqui, 2002) technique implemented in ASA 4.7.3.

Control task analysis

For the VEP stimuli, reaction time and behavioral performance were
determined using the recorded response triggers. A correct response
was registered if it occurred within 0.17–1.5 s after a target. Due to
technical problems we could not recover these response triggers for
seven participants in each group. The behavioral performance for
the remaining participants was determined by dividing the number
of hits by the sum of hits, misses and false alarms.
For the VESPA stimuli it was not possible to obtain accurate per-

formance measures, as triggers for stimulus information and partici-
pants’ responses sometimes occurred at the same time, which
discarded the response trigger. This occurred in about 30% of all
responses for all participants. However, we were still able to obtain
reaction times for the remaining 70% of the targets.

Fixational eye movements

In addition to employing eye-tracking to control for maintenance of
fixation, we examined small fixational eye movements and micro-
saccades during presentation of stimuli. Recent work suggests that
these miniature eye movements underlie important perceptual func-
tions (Martinez-Conde et al., 2006). If participants with an ASD
exhibit problems in eye movement control, then it is possible that
not only saccades but also fixational eye movements would be
affected. Rate, amplitude and orientation of microsaccades during
fixation were determined using a publicly available Matlab toolbox
(Engbert & Kliegl, 2003). In addition, we determined the standard
deviation of eye-gaze along the horizontal and vertical axes for valid
fixation trials. This measure complements the microsaccade analysis
regarding slower movements of the eye, which do not reach the
velocity threshold of the microsaccade analysis.

Statistical analysis

Based on findings in previous VEP studies on visual processing in
ASD, we mainly focus our analysis on the timeframe of the P1
component (e.g. Boeschoten et al., 2007; Sutherland & Crewther,
2010). The amplitudes of VEP and VESPA P1 components were
examined using an independent sample t-test. As response latencies
increase with decreasing stimulus contrast (Reich et al., 2001), we
expected delayed responses to Magno VESPA stimuli. Therefore,
we did not define one P1 timeframe for all experimental conditions
but used a 20-ms window centered on the individual peak amplitude
in the time range 130–170 ms for Magno VESPA peripheral and
90–130 ms for all other conditions.
In addition to planned comparisons, we ran post hoc statistical

tests for detecting additional differences (for other VEP/ VESPA
components such as C1, N1). For the first 300 ms of the evoked
responses, running two-tailed t-tests between the experimental
groups were applied. A time range of the response was termed
significantly different if at least nine consecutive time points were
different with P < 0.05, based on the autocorrelation of the signals
of interest (Guthrie & Buchwald, 1991).

Evoked responses were further examined by using relative ampli-
tudes. To do so, the amplitude of the peripheral response in the P1
timeframe was divided by the one for central stimulation. Such a
transformation removed any influence of the variability in individual
response amplitudes and served as an index for peripheral visual
processing. Relative peripheral P1 amplitudes as well as measures
of behavioral performance, reaction time and eye movements were
examined using mixed linear models (SPSS 21.0, IBM Corp.,
Armonk, NY) using experimental group, age (rounded to integer),
stimulus type and laterality (where applicable) as factors. Main
effects and two-way interactions between factors were computed.

Relation of evoked responses to clinical measures

The ADOS contains the category ‘Stereotyped Behaviors and
Restricted Interests’ (SBRI), where the examiner codes unusual sen-
sory interests including visual examination of non-functional ele-
ments of the test setting such as looking out of the corner of the
eye. We therefore examined the relation between these ADOS
scores and the relative P1 response to peripheral visual stimulation
using the ‘robustfit’ regression function (Matlab 7.5).
As most visual behaviors are coded in the first two sections (‘Unu-

sual Sensory Interest in Play Material/Person’ and ‘Hand and Finger
and Other Complex Mannerisms’) of the SBRI category, we exam-
ined these more closely. The algorithm scores in these sections are
integer values between 0 and 2, which makes it difficult to use regres-
sion methods. We therefore divided ASD participants into groups
with high and low relative amplitudes and compared their codes in
these sections using the non-parametric Wilcoxon rank-sum test.

Results

VEPs

For stimuli presented at the center of gaze, both the VEP and VESPA
electrophysiological responses were highly similar between groups,
and amplitudes of early visual processing components (C1, P1, and
N1) did not differ (Fig. 3, left column). No statistically significant
differences in either amplitude or latencies (all P > 0.22) were
detected, indicating that visual processing of simple stimuli at central
locations, as assessed by our method, was intact in ASD children.
However, for stimuli presented in the periphery, we found clear

differences between ASD and TD groups (Fig. 3, right column). Dur-
ing the P1 timeframe, the planned comparison t-tests revealed a sig-
nificant difference for the VEP and Full-Range VESPA in the
periphery, with ASD children exhibiting larger amplitudes
(t41 = 2.38, P = 0.022 and t40 = 2.27, P = 0.029, respectively). The
difference in the planned comparison P1 timeframe for the peripheral
Magno VESPA was not significant (t34 = 0.5, P = 0.62). However,
post hoc running t-tests revealed that in the timeframe from 155 to
180 ms the amplitude of the ASD group’s response was significantly
larger than for the TD group. The latency of the P1 peak was signifi-
cantly later in ASD (median latency 155 compared with 134 ms).
However, this did not indicate a delayed onset, but rather a temporal
extension of the P1 component (Fig. 3F). Taken together, these
results provided evidence for processing differences between TD and
ASD participants for peripheral stimulation during the P1 timeframe.
The post hoc test also revealed additional differences for peripheral

conditions. We found a significantly more negative Full-Range VES-
PA amplitude from 145 to 180 ms, during the N1 component time-
frame (Fig. 3B), and a significantly more negative VEP amplitude in
the time range from 210 to 255 ms (Fig. 3D) in the ASD group.
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Note that even though responses to visual stimuli are generally
found to have shorter latencies in the magnocellular pathway, the
peripheral Magno VESPA responses were delayed by more than
20 ms compared with the Full-Range VESPA. This delay was com-
parable to previous human studies (Lalor & Foxe, 2009) and proba-
bly stemmed from the highly reduced contrast range inherent in the
Magno VESPA condition. In non-human primate studies, onset
latency delays of up to 20 ms have been observed for low-contrast
compared with full-contrast stimuli (Reich et al., 2001). The current
results provide evidence that processing of lateralized visual stimuli
is different in children and adolescents with ASD compared with
age-matched controls.

Relative P1 amplitude

For the VEP, the mean relative amplitude for peripheral stimuli was
0.41 (SD = 0.23) in the ASD group and 0.25 (SD = 0.14) for the
TD. In the case of the Full-Range VESPA, the mean relative ampli-
tude was 0.41 (SD = 0.37) for the ASD and 0.19 (SD = 0.12) for
the TD group. For the Magno VESPA both groups had high relative
amplitudes, with the mean ASD at 0.54 (SD = 0.5) and TD at 0.4

Fig. 3. Visual evoked potentials and VESPA for all conditions of stimuli presented centrally (left column) and in the periphery (right column). Dark green bars
indicate significant differences between groups for our a priori defined timeframes during C1 and P1. Light green bars indicate significant differences between
groups for a post hoc running t-test. Note the different scaling on the vertical axis.

Fig. 4. Relative peripheral P1 amplitude for Full-Range VESPA stimuli
plotted against SBRI scores. The dotted line represents the fit obtained using
a robust regression.
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(SD = 0.26). The mixed linear model analysis revealed no signifi-
cant influence of experimental group or any other factor, when all
experimental conditions were taken into account. However, as the
planned comparisons for the evoked potentials revealed significant
differences only for VEP and Full-Range VESPA, we ran another
analysis including these two conditions. This resulted in a highly
significant influence of group (F1,30 = 9.3, P < 0.005), showing that
the increased peripheral amplitudes in ASD compared with TD are
indeed due to altered processing of peripheral space. No other factor
(age and stimulus type) or interaction between factors reached sig-
nificance (all P > 0.14).

Correlations with clinical measures

An important question is how anomalies in the representation of
peripheral visual space might relate to symptoms of children and

adolescents with ASD. Based on our hypothesis of altered visual
cortical representations due to eye movement atypicalities, the SBRI
scores of the ADOS diagnostic algorithm were expected to be infor-
mative, as unusual gaze patterns are coded in this category. While
there was no relation between clinical measures and evoked
responses for the VEP and the Magno VESPA, we found that for
the Full-Range VESPA peripheral amplitudes were linearly related
to SBRI scores of the ADOS (Fig. 4). Using a robust regression,
which excludes outliers, we found that the relative peripheral ampli-
tude increases by 0.082 for every level of the clinical score
(P < 0.01, R2 = 0.2).
Further analysing relative peripheral amplitudes and clinical scor-

ing, we examined the SBRI sub-classes ‘Unusual Sensory Interest
in Play Material/ Person’ and ‘Hand and Finger and Other Complex
Mannerisms’. The ASD group was divided into participants with
high relative amplitudes in the Full-Range VESPA and those with

A

B

C

Fig. 5. Topographies for VEP and VESPA during the P1 timeframe. For each condition the topographies for the ASD group, the TD group, and the difference
(ASD-TD) is depicted. Asterisks indicate timeframes with significant differences between the two groups, as defined in the previous section. Note that the differ-
ence maps have the same scale, while the scales of other topographies were adjusted to the maximum amplitude in either the ASD or the TD map.
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low relative amplitudes using a median split. In the SBRI sub-class
of ‘Unusual Sensory Interest in Play Material/ Person’, participants
with high relative amplitudes had a significantly (P << 0.001, rank-
sum = 63) higher score (mean = 1.5) than participants with low rel-
ative amplitudes (mean = 0.9). The same pattern held for the SBRI
sub-class ‘Hand and Finger and Other Complex Mannerisms’,
where high relative amplitude participants had significantly
(P << 0.001, rank-sum = 67) higher values (mean = 1.33) than
those with low relative scores (mean = 0.6). Taken together, these
findings indicate that the peripheral Full-Range VESPA P1 ampli-
tude and clinical measures of unusual sensory interest are closely
related.

Topographies

Examining the waveforms suggested that that the timeframe
around the P1 component might be the most informative regarding
differences between ASD and TD children. As the channels
selected for depicting the waveforms represented only a very small
subset of the information obtained in the experiments, we also
analysed the topographical distribution of activity in the P1 time-
frame.
For three of the four VESPA conditions, with the exception of

the peripheral Magno VESPA, the topographic distribution of activ-
ity was marked by a single midline distribution over occipital scalp,
while the VEP response was characterized by bilateral occipital–
parietal foci (Fig. 5A). The finding that the VESPA P1 amplitude
was more constrained over central occipital areas (Fig. 5B and C) is
fully in line with previous studies in adult participants (Lalor et al.,
2012; Murphy et al., 2012).
The analysis of P1 topographies showed that, for each experimen-

tal condition, the topographical patterns of activation were highly
similar between ASD and TD children. For peripheral stimulation,
the amplitudes in the P1 timeframe over occipito-parietal areas were
generally larger in the ASD group. The topographies indicated that
early visual cortical areas have increased response amplitudes for
peripheral stimuli in children with ASD.

Magnocellular pathway activation

The current study employed different types of low-level visual stim-
uli. The Magno VESPA stimuli were designed based on prior knowl-
edge about characteristics of magnocellular neurons. To confirm that
the stimuli were strongly biased towards activating the dorsal
pathway, we localized the visual activation for centrally presented
Full-Range and Magno VESPA stimuli using the MUSIC technique.
The pattern of current sources for the P1 component of the VES-

PA was the same for both ASD and TD children. While the Full-
Range VESPA stimuli activated regions around the occipital pole,
we found current sources to be stronger in areas more dorsal for the
Magno stimuli (Fig. 6). The MNI coordinates of the peak activity in
the MUSIC map for the Full-Range stimuli were x = 3, y = �98,
z = 5 for the TD and x = 13, y = �97, z = 5 for the ASD group. In
the case of the Magno stimuli the MNI coordinates were x = �7,
y = �76, z = 18 for the TD and x = �11, y = �80, z = 34 for the

Fig. 6. Experimental stimulus manipulation: MUSIC source localization for centrally presented Magno and Full-Range VESPA stimuli during the P1 timeframe
(Full-Range VESPA 86–119 ms; Magno VESPA 97–130 ms). The dotted red lines represent the z-coordinate of the peak source amplitude for Magno VESPA
stimuli. The blue lines represent the z-coordinate for the Full-Range VESPA stimuli. As expected the peak activity shifts towards more dorsal areas for the

Magno VESPA.

A

B

Fig. 7. Mean reaction times (A) and behavioral performance (B) in the exper-
imental task. The gray bars indicate the standard error of the mean (SEM).
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ASD group. This clear shift of current sources towards more dorsal
areas for the Magno stimuli provided evidence that these stimuli
biased the response toward the dorsal stream.

Behavioral control task

To ensure that the observed differences in evoked responses were
not due to differences in behavior, we analysed reaction times for
the control task, percentage of correct responses and horizontal eye
position for all stimulus types. The mixed linear model analysis of
median reaction times revealed no significant main effect for any of
the factors group, age, stimulus type or laterality (Fig. 7, upper
panel). There were also no significant interactions between factors.
Similarly, for behavioral performance (accuracy) the mixed linear
model revealed no significant main effect for any factor and no sig-
nificant interactions (Fig. 7, lower panel).
Taken together, none of the behavioral measures significantly dif-

fered between experimental groups and there were no interactions
between the group and any other factor. Therefore, we can assume
that the behavioral performance was comparable for the TD and
ASD groups.

Eye-movement analysis

Most important for the current study is a thorough examination of
eye movements, as consistent differences in eye position between
groups might influence visual evoked responses. The mixed linear
model analysis of the mean fixation location along the horizontal
axis revealed no significant main effect or interaction among the
selected factors (Fig. 8), indicating that no group consistently main-
tained fixation further away from the fixation cross.
However, within the confines of the allowed range of eye move-

ments, differences between the experimental groups might exist. In
particular, it is feasible that small eye movements (microsaccades)
might differ between groups. For the rate of microsaccades per
second, a significant main effect was found for laterality
(F1,147.9 = 10.11; P = .002), which was due to an increase in the
rate of microsaccades during peripheral stimulation. Even though
the mean rate of microsaccades was slightly higher in the ASD
group (1.95/s) than the TD group (1.89/s), the factor experimental
group was not significant (F1,18.4 = 3.13; P = .093). For the micro-
saccade amplitude we found only a significant main effect of later-
ality (F1,153.9 = 5.8; P < 0.018), with larger amplitudes for central
stimulation and no difference between groups. However, the mixed
linear model did not produce a good fit for the amplitude of micro-
saccades, with high Bayesian information criterion values compared
with models for other measures. We therefore examined another
measure of variability of small eye movements, the standard devia-
tion (SD) of eye gaze along the horizontal and vertical axes in
valid trials. This measure also takes into account slower fixational
eye movements called drifts. Examining the SD along the horizon-
tal axis, we found significant main effects for the factors group
(F1,26.1 = 8.1; P < 0.01), age (F11,25.7 = 2.4; P < 0.032) and later-
ality (F1,138.6 = 4.6; P < 0.035). The mean horizontal SD in the
ASD group was 7.8 pixels (0.22°), while it was 7.2 (0.2°) for the
TD group (Fig. 9). Along the vertical axis, there was only a signifi-
cant main effect of group (F1,21.9 = 8.4; P < .01). The mean verti-
cal SD in the ASD group was 8.5 pixels (0.24°), while it was 7.5
(0.21°) for the TD group. Even though the differences between
groups are between 1 and 2 min of arc, these results indicate that
small fixational eye movements are more variable in the ASD pop-
ulation.

Influence of sex

The ratio of male to female participants differed between the two
groups. To ensure that the reported group effects were not driven by
gender differences, we also performed the above analyses without
the female participants. For all but one test, the pattern of significant
results was the same. In the case of the peripheral VEP P1, the
amplitude difference between ASD and TD groups approached sig-
nificance (t30 = 1.87, P = 0.072). As this trended in the predicted
direction, and the other tests replicated the main analyses, we inter-
pret the data based on the main analyses.

Discussion

The current study examined visual processing of central and periph-
eral inputs in ASD children and adolescents. We hypothesized that
their peripheral processing might be altered, as they often exhibit
peculiarities in eye-fixation and eye-movement behavior, which
probably influence the development of peripheral cortical visual rep-
resentations. Under this hypothesis, processing of centrally fixated
inputs should be largely unaffected, and indeed we found indistin-
guishable responses between TD and ASD groups for central

Fig. 8. Mean horizontal eye position in pixels (with SEM) for central and
peripheral stimuli. The gray dotted line represents the x-coordinate of the
fixation cross. In the peripheral stimulation condition the stimulus was
presented 6.2° to the right of fixation. The gray bar represents 1° of visual
angle.
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stimulation for all stimulus types employed. This is not fully consis-
tent with prior reports, as processing differences for central inputs
have been reported (Boeschoten et al., 2007; Neumann et al.,
2011). Notably, eye position is usually not tightly controlled, as it
was here. Thus, differences in cortical representation for different
areas of space, or more variability in eye position in one group over
the other, could partially account for these differences. In contrast to
responses to centrally presented stimuli, we did uncover marked
differences in visual responses to stimuli presented to peripheral por-
tions of the retina, a finding replicated across all three stimulus con-
ditions. These peripheral differences reached significance in the
timeframe of the P1, indicative of changes in early extrastriate visual
areas during relatively early sensory–perceptual processing time-
frames (Di Russo et al., 2002; Foxe & Simpson, 2002).

The altered cortical magnification model

The electrophysiological response in the P1 timeframe is generated
by multiple visual cortical areas including V1, V2, V3 and V4 (Di
Russo et al., 2002). On the other hand, the simple cortical magnifi-
cation model introduced earlier is entirely based on measurements
in V1. Nonetheless, work has shown a general maintenance of
spatial mapping patterns across progressively higher levels of the
cortical hierarchy, such that one would expect initially reorganized
spatial maps to be maintained to at least some degree in later reti-
notopically mapped regions (Motter, 2009; Harvey & Dumoulin,
2011), although as receptive field sizes progressively increase along
the hierarchy, an entirely strict one-to-one maintenance of initial
mapping would seem unlikely. As such, a precise match between

predictions of the V1-derived model and evoked potential ampli-
tudes representing multiple generators would be not expected. Even
so, if we apply this simple model, the cortical area (striate cortex)
processing the central stimulus should be about nine times the size
of the area processing the peripheral stimulus in our experimental
setup. Assuming a 12% decrease in the exponent of the cortical
magnification function in ASD, this factor would reduce to about
6.9. The peak P1 amplitude for the Full VESPA is on average 4.9
times bigger for central compared with peripheral presentation in
TD, while it is only 2.8 times bigger in the ASD group. For the
VEP the ratio of central to peripheral early response is 3.9 in TD
and 2.4 in ASD. Even though there is no direct linear relationship
between these ratios and the cortical magnification predicted by
our model, these values are consistent with the notion that the
cortical magnification map is indeed altered in individuals with an
ASD.
Note that the VESPA method, which represents only linear

aspects of the visual evoked response, exhibits the biggest difference
in ratio between TD and ASD. In addition, the Full VESPA is the
only measure for which we find a significant correlation with the
clinical measure SBRI. It therefore seems that this technique may be
especially sensitive to differences between sensory processing in
ASD and TD individuals.
The current electrophysiological findings support the hypothesis

of altered visuo-cortical representation in ASD. What remain in
question are the mechanisms by which these altered representations
arise. As mentioned, amblyopia studies illustrate the powerful role
that cortical remapping plays in compensating for visuo-motor
abnormalities (Conner et al., 2007). However, the severity of oculo-
motor errors in ASD is clearly not comparable to that seen in stra-
bismic amblyopia. How could more subtle oculomotor
abnormalities lead to altered visual representations? A possible
mechanism is offered by a recent computational modeling study
(Nandy & Tjan, 2012). Before executing a saccade, we generally
attend the intended target location covertly in advance of the actual
eye movement itself (Deubel & Schneider, 1996; Belyusar et al.,
2013) and the crux of this model relates to tight temporal coupling
between these covert attentional deployments and the subsequent
overt eye movements that typically ensue (Nandy & Tjan, 2012).
The model proposes that when the eyes begin to move, the repre-
sentation of image statistics at the target location, which was
acquired through the initial covert attentional deployment, begins to
be displaced in the direction of the saccade. One could conceive of
this as a form of ‘neural blurring’. In essence, the interaction of at-
tentionally acquired peripheral information and saccade-confounded
image displacements is an important contributing factor to the
poorer resolution in the periphery. Their quantitative model supports
the hypothesis that temporal coupling between covert attention and
eye movement image displacements leads to changes in the lateral
connections between neurons representing the anticipated saccadic
landing location. Paradoxically, one might predict that a decrement
in the fidelity of the coupling between these systems would actually
lead to better sensitivity to image statistics at more peripheral loca-
tions, a notion that has often been applied to autistic individuals
(see below). Regardless, given that individuals with autism exhibit
more variable and inaccurate eye movements (Goldberg et al.,
2002; Takarae et al., 2004; Stanley-Cary et al., 2011), a possible
explanation for these inaccuracies to clearly visible target stimuli
could well relate to decrements in the temporal coupling of covert
attention and overt movements. If so, early cortical representations
as established within the lateral connections could be less influ-
enced by these processes in ASD. It is noteworthy that the thesis

A

B

Fig. 9. Variability of horizontal (A) and vertical (B) eye position during fix-
ation measured in pixels. The gray bars indicate the standard error of the
mean (SEM).
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that altered visual perception in ASD might be a function of atypi-
cal neural connectivity in early visual cortices has been previously
invoked (Bertone et al., 2005). Based on psychophysical results
pointing to reduced discriminability for second-order contrast
gratings despite increased discriminability for simple first-order
gratings, these authors concluded that lateral inhibition must be
enhanced in ASD.
Neuroanatomical studies also support the notion that cortical rep-

resentations are altered in autism. There are reports of microstruc-
tural differences in several parts of neocortex. In post-mortem
studies, it has been noted that brains of individuals with ASD
exhibit a neuronal microstructure consistent with smaller cortical
minicolumns in sensory and higher-order cortices (Casanova et al.,
2010). Minicolumns can be conceptualized as an interconnected,
vertical group of 80–100 neurons that exhibit similar response char-
acteristics (Mountcastle, 1997). In V1, many of these minicolumns
are thought to consist of cells that are responsive to a given spatial
orientation, while neighboring minicolumns will prefer another ori-
entation. Minicolumns have been reported to contain fewer cells in
ASD, but at the same time, the number of neurons is comparable
due to a concomitant increase in the overall number of minicolumns
in brains of autistic individuals (Casanova et al., 2002). Even
though these studies examined the number of neurons in cortex and
not the number of connections, it is very likely that the observed
differences in neuronal arrangement are related to, or even caused
by, changes in lateral connections. However, as every minicolumn is
thought to represent a receptive field (Buxhoeveden & Casanova,
2002), it is conceivable that there is an increase in the number of
receptive fields in different cortical areas in ASD. Therefore, the
observed increase in response to peripheral visual stimulation could
also be explained by an increased number of receptive units per area
of peripheral visual space.

Fixational eye movements

It is commonly observed that our eyes produce small eye move-
ments, such as microsaccades and drifts, while we maintain fixation
(Martinez-Conde et al., 2013). In the current study, these fixational
eye movements are more pronounced in ASD, due to slow drifts, as
no significant differences in estimates of microsaccades were found
between groups. It is extremely unlikely that the small differences
(< 2 min of arc) in the standard deviation of eye position could
account for the differences in amplitude of visual evoked responses
observed here. Recall that the stimuli used herein subtended fully 6°
of visual space, and this variance between groups is two orders of
magnitude smaller. Further, the same levels of eye-position variabil-
ity were also observed for centrally presented stimuli where we
found no differences in evoked response between groups. In recent
years a number of studies have provided evidence for common gen-
erators of saccades and microsaccades (Martinez-Conde et al.,
2013). The observed higher variability of eye position during fixa-
tion in the ASD participants might therefore mirror studies that
reported problems in oculomotor control for saccadic eye move-
ments (Goldberg et al., 2002; Takarae et al., 2004; Stanley-Cary
et al., 2011), with higher variability of landing positions in ASD
participants.

An alternative attentional account

While an altered cortical representation account of the present find-
ings is the most parsimonious with existing evidence in our view,
there are other explanations that should be considered. When

humans deploy attention covertly, stimuli at the attended peripheral
location receive enhanced processing. This commonly results in
greater P1 amplitudes in VEP (Hillyard & Anllo-Vento, 1998; Kelly
et al., 2008) and VESPA studies (Frey et al., 2010). Therefore, one
possibility is that ASD participants covertly attended the peripherally
presented stimuli, or maintained a broader focus of attention than
their neurotypical peers. A purely attentional account, however,
seems unlikely. We employed an attention-demanding central task
during peripheral stimulation. Because neither behavioral perfor-
mance nor eye-tracking measures differed between ASD and TD
groups, it seems likely that both deployed attention equally to the
central fixation task.

Relation to previous research

Cortical remapping could account for a number of reported results
on visual functioning in autism. For example, it has been reported
that individuals with autism exhibit superior performance in visual
search tasks (Plaisted et al., 1998; O’Riordan et al., 2001). Such a
pattern of results could be explained by an enhanced representation
of peripheral space, allowing individuals with ASD to explore their
visual environment more efficiently. Another finding that could
potentially relate to enhanced representation of peripheral space is
lateral glance behavior (Mottron et al., 2007), frequently exhibited
by a subpopulation of children with ASD. Lateral glances involve
looking at an object while either turning the head in the opposite
direction or looking out of the corner of the eye. Although not
directly measured, it is assumed that during lateral glances, objects
are not projected onto the foveal part of the retina. Mottron and col-
leagues have speculated that this behavior is employed to reduce the
effects of ‘superior, and possibly uncomfortable or overwhelming,
processing of low-level visual information’ (Mottron et al., 2007:
33), as acuity of visual representation typically decreases with
eccentricity. Based on the current findings, there is an obvious alter-
native account for these lateral glances. If perception of stimuli in
the periphery is enhanced in ASD, then the advantage of central
over peripheral stimulation might be reduced, making lateral glances
also effective. It is also the case that differential representation of
peripheral information would lead to differences in retinotopic map-
ping, which would also have consequences for perceptual experi-
ence. A specific study of peripheral visual representations in the
subpopulation of ASD children who exhibit this lateral glance
behavior is clearly merited.

Dorsal stream processing

One question is how our finding of increased visual responses for
peripherally presented stimuli might fit with the relatively robust
finding of impaired processing in posterior superior temporal sulcus
(pSTS) in ASD (Dakin & Frith, 2005; Pelphrey et al., 2011), a dor-
sal region associated with the processing of visual biological motion
(Grossman et al., 2005; Michels et al., 2005; Krakowski et al.,
2011), social information (Wyk et al., 2009), as well as multisen-
sory integration (Beauchamp et al., 2004; Saint-Amour et al.,
2007). Individuals with an ASD exhibit altered hemodynamic
responses in pSTS during biological motion processing (Koldewyn
et al., 2011) and processing of another person’s gaze (Pelphrey
et al., 2005). Multisensory integration has also been shown to be
reduced in ASD (Russo et al., 2010; Brandwein et al., 2012). In the
current study, the differences between TD and ASD in evoked
responses for peripheral stimuli appear to have sources in early
visual areas, considerably lower in the hierarchy than pSTS. It is
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plausible, however, that changes in visual field representations in
early visual cortex (such as V1) affect processing in higher cortical
areas like pSTS during the initial feed-forward cascade. Recently,
two studies provided evidence that visual maps of higher cortical
areas can be explained by a constant sampling of the V1 visual field
map (Motter, 2009; Harvey & Dumoulin, 2011). This means that at
any eccentricity, the receptive field size of a neuron in a higher tier
region (e.g. ventral stream area V4) is determined by the size of
receptive fields at the corresponding location in the V1 and V2
maps. Therefore, any significant change in receptive field sizes in
early visual areas would probably propagate through the hierarchy
to affect higher visual areas and ultimately perception. However, to
our knowledge, a comparable examination has not been conducted
for dorsal stream areas. Future research might elucidate whether
alterations in early cortical areas directly affect processing in
upstream areas within the dorsal processing stream.

Magnocellular function

In addition to studying visual cortical mapping, the current study
also aimed to assess differences in low-level visual processing in
individuals with an ASD. The goal was to use an established, sensi-
tive and objective probe of magnocellular processing, and in this
way to resolve the question of whether differences in magnocellular
function might account for some of the visual processing differences
that are so commonly observed in this group. The resulting data
strongly favor a model of visual function in ASD in which magno-
cellular function is intact. Magnocellular-biased visual responses (as
measured using the Magno VESPA) were highly similar to, and did
not differ significantly from, those recorded in a typically developing
control group for centrally presented stimuli. Examination of scalp
topographies and source localization data supported successful bias-
ing of the dorsal visual stream, indicating that our measure should be
sensitive to magnocellular processing differences were they present.

Limitations of the current study

A caveat should be made about the VESPA technique used here to
examine visual processing. The VESPA estimates the brain’s
impulse response function assuming a linear relationship between
brain activity and stimulus contrast. Non-linear aspects of cortical
processing and processing of stimulus features other than contrast
are therefore not captured by this version of the technique. This is a
limiting factor for inferences drawn from our results. For example, it
is known that the firing rate of neurons in early visual cortex
increases in a sigmoidal fashion with increasing contrast (Reich
et al., 2001). Therefore, for both the Magno (~70% of the contrast
values ranging between 3 and 7%) as well as the Full-Range VES-
PA (~70% of the contrast values between 30 and 70%), the contrast
response in early visual cortex can be approximated by a linear
function (Albrecht & Hamilton, 1982).
While less accurate eye movement control has commonly been

described in autism, at least one study has reported no differences in
a visually guided saccade task (Minshew et al., 1999). Therefore, it
is possible that not all participants with ASD exhibit less accurate
saccadic eye movements. We did not perform a separate saccadic
eye movement task and therefore could not correlate saccadic eye
movement accuracy with electrophysiological responses, an obvious
avenue for future study.
A number of clinical case reports suggest that the fovea in ASD

might be especially hyper-sensitive (Bogdashina, 2003; Gerrard &
Rugg, 2009). That is, ASD individuals sometimes report averting

direct gaze to alleviate discomfort caused by a sense of over-stimula-
tion from complex or moving stimuli, thereby favoring the use of
parafoveal retinal areas. The enhanced electrophysiological responses
to peripheral stimuli therefore might be related to the hyper-sensitiv-
ity of the fovea. However, we conducted multiple clinical tests with
the children and discomfort from foveal stimulation was not reported.
While our aim here was to provide evidence that processing of

peripheral visual space is altered during the early sensory process-
ing period in ASD, the resolution of our methods does not allow
for localization of these altered representations at the level of spe-
cific cortical regions. However, this probably includes the early re-
tinotopically mapped areas (V1 and V2) as well as other early
extra-striate regions. These regions are very rapidly activated (see
Foxe & Simpson, 2002) and parsing their respective contributions
to the early VEP components using source localization, with a sen-
sor array that was relatively sparse (only 72 scalp sites), is not
possible. However, an obvious direction for future research would
be to use much more precise retinotopic mapping techniques and
considerably denser electrode arrays to try to tease apart the
respective contribution of these early regions to this remapping
(see Kelly et al., 2008; Shpaner et al., 2013 for methods). It
would also be instructive to assess how changes in peripheral rep-
resentation might affect visual perceptual sensitivity at peripheral
locations in ASD, as the present study did not explicitly assay
potential behavioral effects.

Conclusions

The present electrophysiological results provide evidence that
peripheral visual processing is atypical in ASD. We hypothesize that
these observed changes in processing are due to altered cortical rep-
resentations of visual space in ASD, which might be a consequence
of the more variable fixation behavior often observed in this popula-
tion. In contrast to the peripheral stimulation condition, there was no
detectable difference between autistic and control children in pro-
cessing of centrally presented, simple visual stimuli, independent of
whether the stimuli were biased towards magnocellular neurons or
not. This pattern of results is not in line with a magnocellular deficit
theory of autism.
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