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Abstract

Response inhibition, or the suppression of prepotent but contextually inappropriate behaviors, is
essential to adaptive, flexible responding. Individuals with autism spectrum disorders (ASD)
consistently show deficient response inhibition during antisaccades. In our prior functional MRI
study, impaired antisaccade performance was accompanied by reduced functional connectivity
between the frontal eye field (FEF) and dorsal anterior cingulate cortex (dACC), regions critical to
volitional ocular motor control. Here we employed magnetoencephalography (MEG) to examine
the spectral characteristics of this reduced connectivity. We focused on coherence between FEF
and dACC during the preparatory period of antisaccade and prosaccade trials, which occurs after
the presentation of the task cue and before the imperative stimulus. We found significant group
differences in alpha band mediated coherence. Specifically, neurotypical participants showed
significant alpha band coherence between the right inferior FEF and right dACC and between the
left superior FEF and bilateral dACC across antisaccade, prosaccade, and fixation conditions.
Relative to the neurotypical group, ASD participants showed reduced coherence between these
regions in all three conditions. Moreover, while neurotypical participants showed increased
coherence between the right inferior FEF and the right dACC in preparation for an antisaccade
compared to a prosaccade or fixation, ASD participants failed to show a similar increase in
preparation for the more demanding antisaccade. These findings demonstrate reduced long-range
functional connectivity in ASD, specifically in the alpha band. The failure in the ASD group to
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increase alpha band coherence with increasing task demand may reflect deficient top-down

recruitment of additional neural resources in preparation to perform a difficult task.
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1. Introduction

Autism spectrum disorders (ASD) are defined by impaired social interactions, impaired
communication, and repetitive and restricted behaviors. Individuals with ASD also
consistently show deficient response inhibition, which is accompanied by reduced functional
connectivity in cognitive control networks in functional MRI (fMRI) studies (Agam et al.,
2010; Kana et al., 2007). In particular, ASD is characterized by higher error rates on
antisaccade tasks (Goldberg et al., 2002; Manoach et al., 2004; Minshew et al., 1999;
Mosconi et al., 2009; Thakkar et al., 2008), which requires a gaze away from a suddenly
appearing visual stimulus. Errors occur when participants fail to inhibit the prepotent
response of looking towards the stimulus (i.e., a prosaccade). In our prior fMRI study,
impaired antisaccade performance in ASD was accompanied by reduced functional
connectivity between the frontal eye field (FEF) and the dorsal anterior cingulate cortex
(dACC), which are anatomical components of a network involved in volitional ocular motor
control (Agam et al., 2010). In addition, unlike neurotypical (NT) controls who showed
increased activation in the FEF and dACC for antisaccades than for prosaccades, ASD
participants failed to modulate activation levels in accordance with task demands. These
findings are consistent with evidence that ASD is a disorder of connectivity (Just et al.,
2007; Kleinhans et al., 2008; Koshino et al., 2008; Mostofsky et al., 2009) in which
alterations in white matter integrity and reduced coordination of activity across brain regions
give rise to the core diagnostic features and to characteristic cognitive deficits (Belmonte et
al., 2004; Minshew and Williams, 2007).

The goal of the present study was to identify the spectral basis of the reduced functional
connectivity and lack of task-dependent modulation of activity in the dACC and FEF that
we previously observed in ASD (Agam et al., 2010). Since oscillations of different
frequencies appear to have distinct mechanisms and roles in cognitive function (Uhlhaas and
Singer, 2006; Uhlhaas et al., 2008; Uhlhaas et al., 2010), identifying the spectral signature of
reduced connectivity between specific regions during deficient response inhibition in ASD
may illuminate the neural bases of this deficiency. We used magnetoencephalography
(MEG), which has excellent temporal and good cortical spatial resolution, during
performance of the same antisaccade task used in the previous study (Fig. 1) (Agam et al.,
2010) in a subset of the participants. Based on our fMRI findings, we hypothesized that
FEF-dACC functional connectivity would be reduced in ASD, and that only NT participants
would increase coherence between the FEF and the dACC in preparation for the more
demanding antisaccade task. We further hypothesized that reduced connectivity in the ASD
group would be mediated by reduced coherence in the alpha band, since alpha synchrony
dominates visuospatial attention (Capotosto et al., 2009) and prior EEG (Coben et al., 2008;
Murias et al., 2007) and MEG (Tsiaras et al., 2011) studies have found reduced alpha band
coherence in ASD during resting state.

In the present study, the superior temporal resolution of MEG allowed us to limit our
analyses to the preparatory period of saccadic trials, which occurs after the presentation of
the task cue and before the imperative stimulus. The preparatory period emphasizes the
cognitive aspects of task preparation since the task is known from the cue but the
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appropriate motor action cannot be planned until the stimulus indicates the required
direction. Importantly, preparatory activity in the FEF and other regions in the network for
volitional ocular motor control differs for antisaccades versus prosaccades (Brown et al.,
2007), and predicts the timing of saccadic responses in both human neuroimaging and
monkey neurophysiology studies (Connolly et al., 2005; Connolly et al., 2002; Hamm et al.,
2010; Nagel et al., 2008). We further limited the present study to correct trials because
activation patterns for correct and error trials differ during the preparatory period (Everling
and Munoz, 2000; Ford et al., 2005; McDowell et al., 2008). Finally, we chose to focus on
cortical coherence with the FEF, since it is the key cortical region involved in generating
volitional saccades (Pierrot-Deseilligny et al., 1995).

2. Methods
2.1. Participants

Eleven adults with ASD (9 males, 2 females, mean age 27.5 +/- 10.3 years) and 11 NT
control participants (9 males, 2 females, mean age 29.5 +/- 9.8 years) were recruited by
poster and website advertisements (see Table 1 for demographic data). Participants with
ASD were diagnosed by an experienced clinician on the basis of current presentation and
developmental history as determined by medical record review and clinical interview. ASD
diagnoses were confirmed using the Autism Diagnostic Interview-Revised (ADI-R, Rutter,
2003) and the Autism Diagnostic Observation Schedule Module 4 (Lord, 1999)
administered by experienced research personnel with established inter-rater reliability.
Potential participants meeting DSM-IV criteria for co-morbid psychiatric conditions or with
known autism-related medical conditions (e.g., Fragile-X syndrome, tuberous sclerosis)
were excluded. Four ASD participants were taking the following medications: fluoxetine
and lithium; bupropion and clonazepam; citalopram; and sertraline and methylphenidate. NT
participants were screened to exclude a history of autism or any other neurological or
psychiatric condition (SCID-Nonpatient edition, First, 2002). All participants were screened
to exclude substance abuse or dependence within the preceding six months, as well as any
independent condition that might affect brain function. One ASD participant who was
included in the sensor space analysis was excluded from the cortical space analysis because
of invalid head localization data. ASD and control groups were matched on age, sex,
handedness as measured by a laterality score on the modified Edinburgh Handedness
Inventory (Oldfield, 1971; White, 1976), parental socioeconomic status on the Hollingshead
Index (Hollingshead, 1965), years of education, and estimated verbal 1Q based on a test of
single word reading (American National Adult Reading Test, Blair, 1989). The study was
approved by the Partners Human Research Committee at Massachusetts General Hospital.
All participants gave written informed consent after the experimental procedures had been
fully explained.

2.2. Saccadic Paradigm

The task was explained prior to the MEG session, and participants practiced until their
performance indicated that they understood the directions and were comfortable with the
task. Participants were instructed not to blink until after generating the saccade, and to
respond as quickly and accurately as possible. They were told that they would receive a 5-
cent bonus for each correct response in addition to a base rate of pay. This incentive was
intended to enhance motivation and attention during a potentially boring cognitive task in
order to elicit optimal performance. No immediate feedback regarding performance was
provided and the bonus was added to the remuneration check that was sent by mail
following study completion. Saccadic task stimuli were generated using a Vision Shell
programming platform (www.visionshell.com) and presented with a Digital Light
Processing (DLP) InFocus 350 projector through an opening in the wall, onto a back-
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projection screen placed 102 cm in front of the participant inside the magnetically shielded
MEG suite. Each participant performed eight runs of the saccadic task with short breaks
between runs. Figure 1 provides the task details. Each run lasted 5 min 22 s and consisted of
a sequence of randomly interleaved prosaccade (PS), antisaccade (AS), and fixation (FIX)
trials. The saccadic trials were balanced for rightward and leftward movements and lasted 4
s. FIX trials lasted 2, 4, or 6 s and required participants to maintain a steady gaze at the
center of a screen display that was identical to and continuous with the last second of the
previous saccadic trial. The total experiment lasted approximately one hour and generated a
total of 278 PS, 285 AS, and 107 FIX trials.

of Eye Movement Data

Eye movements were recorded concurrently with MEG using two pairs of bipolar electro-
oculogram (EOG) electrodes. The EOG data were scored in MATLAB using a partially
automated program that determined the directional accuracy of each saccade with respect to
the required response and its latency from target onset. Saccades were identified as
horizontal eye movements with velocities exceeding 46.9 deg/s. The onset of a saccade was
defined as the point at which the velocity of the eye first exceeded 31.3 deg/s. For saccade
trials, only epochs with saccades in the desired direction (i.e., correct trials) with latencies
between 130 and 800 ms were included for analysis. The cutoff of 130 ms excluded
anticipatory saccades, which are not true responses to the appearance of the visual target
(Doricchi et al., 1997; Fischer and Breitmeyer, 1987; Straube et al., 1999). We also excluded
saccade trials if a saccade or eye blink (defined as vertical peak-to-peak EOG amplitude
exceeding 200 nV) occurred during the baseline period (200 ms prior to cue onset) or the
cue-stimulus interval (Fig. 1a, 0-2000 ms). For FIX, only trials without blinks or saccades
were included and data from the following time windows were analyzed: 1000-2000 ms
(available on all fixation trials), 3000—4000 ms (available from the 4 s fixation trials) and
5000-6000 ms (available from the 6 s fixation trials).

2.4, Structural MRI Acquisition

For source localization and spatial normalization, two T1-weighted high-resolution
structural images were acquired during a separate session using a 3.0 T Siemens (Erlangen,
Germany) Trio whole body high-speed imaging device equipped for echo planar imaging
(EPI). We used a 3D magnetization-prepared rapid gradient echo (MPRAGE) sequence
(repetition time (TR), 2530 ms; echo spacing, 7.25 ms; echo time (TE), 3 ms; flip angle 7°;
voxel size, 1.3 x 1.3 x 1. mm). A 3D structural image was created for each participant by
averaging the two MPRAGE scans after correcting for motion.

2.5 MEG Data Acquisition

MEG data were acquired inside a magnetically shielded room (IMEDCO, Hagendorf,
Switzerland) using a dc-SQUID Neuromag™ Vector View system (Elekta-Neuromag,
Helsinki, Finland) comprising a helmet-shaped array of 306 sensors, arranged in triplets of
two orthogonal planar gradiometers and a magnetometer. The signal was filtered to a 0.1—
200 Hz bandpass and sampled at 600 Hz. The position and orientation of the head with
respect to the MEG sensor array were determined by four Head Position Indicator (HPI)
coils. To allow registration of MEG and MRI data, the locations of three fiduciary points
(nasion and auricular points) that define a head-based coordinate system, a set of points from
the head surface, and the sites of the four HPI coils were digitized using a 3 Space Fastrak
digitizer (Polhemus, Colchester, VT, USA) integrated with the VVectorview system.
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2.6 Postprocessing of MEG Data

Spatial filtering was performed on the data using the Signal Space Separation (SSS) method
(Taulu et al., 2004; Taulu and Simola, 2006). This step suppresses interference signals
generated outside the brain. The SSS method reduces the dimensionality of the data from
306 components to 64 components. Independent Component Analysis (ICA) was then
implemented on the magnetometers and gradiometers separately using the EEGlab suite to
decompose the data into 64 statistically independent components (Delorme and Makeig,
2004). The heartbeat component was identified and removed, leaving 63 independent
components. The final preprocessing of sensor data involved automated rejection of trials
based on amplitude criteria. Epochs were rejected if the peak-to-peak peak value over the
epoch exceeded 1000 fT and 3000 fT/cm in magnetometer and planar gradiometer channels,
respectively.

2.7 Coherence Analysis

We analyzed coherence in the 1000 ms immediately preceding the imperative stimulus
(indicated by the bold line in Fig. 1c) for correctly executed saccadic trials only. Activity
during this period reflects general task preparation but not the planning of the actual
saccadic response since the required direction of the eye movement was not known until the
stimulus appeared. To compute the coherence between channels, we first used the
MATLAB fast Fourier transform algorithm to compute the Fourier coefficient for each
channel, in 1 Hz steps. We then calculated coherence between any two sensors x and y (Cyy)
in each frequency band by normalizing the squared cross-spectral density of the time series
from these two sensors (G,,) by the power spectral density of the time series from each of
these sensors (Gyyxand Gy,):

2
_ [Gyl
16l
y GXXny

This yielded a value between 0 and 1, where a value of 1 means the phase between the two
channels was identical for all epochs, and a value of 0 means the phase in one channel was
random relative to the other channel across epochs. Coherence values were then averaged
within each of the following six frequency band Delta (0-4 Hz), Theta (4-8 Hz), Alpha (8-
12 Hz), Beta (12-30 Hz), Gammal (30-80 Hz) and Gamma2 (80-100Hz), to obtain a mean
coherence value for each band. Since the estimate of coherence is biased by the number of
epochs (Bokil et al., 2007), 95 randomly selected epochs per condition per subject were used
for group analyses. This number was determined by the smallest number of usable trials
available for any one participant (see Postprocessing of MEG Data, above). The average
number of usable trials per participant was not significantly different between groups or
across conditions.

2.7.1 Sensor Space Coherence Analysis—To complement our source space analysis,
and to be comparable to prior studies of coherence in ASD, we first conducted a coherence
analysis in the sensor space. We used the planar gradiometers to analyze coherence in sensor
space. Coherence was calculated between every pair of gradiometers, at 102 sensor
locations, resulting in 5,151 pairs. Since each sensor location has two orthogonal
gradiometers, all four coherence values (2 x 2) were computed for each pair of sensor
locations, and the maximum coherence value was used for each pair. The mean of the
coherence values over each band was used for group analysis. We used the standard Fisher
transform to make the coherence values normally distributed. We then followed a
permutations procedure, similar to the one described in Murias et al. (Murias et al., 2007), to
determine whether coherence in any sensor pair was different across groups. Specifically,
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for each sensor pair, we used 1000 permutations across participants to determine whether
coherence values for that sensor pair differed significantly by group.

2.7.2 Source Estimation—The geometry of each participant’s cortical surface was
reconstructed from the 3D structural MRI data using FreeSurfer software
(http://surfer.nmr.mgh.harvard.edu). The cortical surface was decimated to a grid of 4098
dipoles per hemisphere, corresponding to a spacing of approximately 5 mm between
adjacent source locations on the cortical surface. The MEG forward solution was computed
using a single-compartment boundary-element model (BEM) assuming the shape of the
intracranial space (Hdmél&inen and Sarvas, 1987). The watershed algorithm was used to
generate the inner skull surface triangulations from the T1-weighted MR images of each
participant. Assuming head movements occurred only between runs and to compensate for
these movements, the forward solutions for each run were computed and averaged (Uutela et
al., 2001). The cortical current distribution was estimated using minimum-norm estimate
(MNE) software (http://www.martinos.org/martinos/userinfo/data/sofMNE.php) and
assuming the orientation of the source to be fixed perpendicular to the cortical mesh. The
noise-covariance matrix used to calculate the inverse operator was estimated from data
collected without a subject present. To reduce the bias of the MNEs towards superficial
currents, we used depth weighting, i.e. adjusted the source covariance matrix to favor deep
source locations (Lin et al., 2006).

2.7.3 Inter-Subject Cortical Surface Registration for Group Analysis—Each
participant’s inflated cortical surface was registered to an average cortical representation by
optimally aligning individual sulcal-gyral patterns (Fischl et al., 1999b). We employed a
surface-based registration technique based on folding patterns because it provides more
accurate inter-subject alignment of cortical regions than volume-based approaches (Fischl et
al., 1999h; Van Essen and Dierker, 2007).

2.7.4 Seed Region Definition for Cortical Space Coherence Analysis—Based on
our a priori hypotheses, we limited our analyses to examining coherence between the FEF
and the rest of the vertices in the cortex. We generated four FEF seed regions — the inferior
and superior sections of the right and left FEF (FEFi-R, FEFi-L, FEFs-R, and FEFs-L
respectively). Seed region definitions were based on both anatomical and functional
constraints. The FEF is located in and around the precentral sulcus and gyrus (Koyama et
al., 2004; Paus, 1996) with distinct regions in the superior and inferior portions (Luna et al.,
1998; Simo et al., 2005). Since MEG is best able to detect tangential sources (i.e., those in
sulci rather than gyri on the lateral surface) we used the superior and inferior precentral sulci
from the FreeSurfer Average7 brain parcellations as the anatomical constraint for our ROIs
(Lee et al., 2011; Moon et al., 2007). Within these anatomical boundaries we defined our
functionally constrained seed regions by selecting vertices that were active during the
preparatory period in the contrast of all saccades versus fixation at a threshold of p<.05 at
any time point in either group for activity computed every 20 ms. The vertices were
smoothed to generate contiguous labels, and the labels generated for each group were then
merged.

2.7.4 Seed Region Time Course—We averaged across vertices within each of the four
seed regions to compute their representative time courses. To avoid signal cancellation, the
averaging took into account the polarity mismatches that occur because of MNE estimate
spreading across sources whose orientations were not aligned. This was accomplished by
inverting the polarity of the signals of those sources that were oriented at an obtuse angle (>
90°) with respect to a reference direction.
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2.7.5 Source Space Coherence Analysis—Coherence values were calculated between
the seed region time course and the time course at each of the 8,196 cortical sources (i.e.,
vertices), for each group, for each of the three trial types. To determine which sources
showed significant coherence values, we applied the Fischer transform to normalize the
distribution. We then performed a paired t-test against Fischer transformed coherence values
computed from MEG recordings without a participant (empty-room) that were processed
and inverted to source space using the same methods as were applied to the participant data
(Fig. 2). This empty-room comparison suppresses artifactual coherence arising from the
point spread of the MNE (Ghuman et al., 2011). After the empty-room correction, the
expected mean coherence of the data in the absence of any real coherence is zero. Thus, any
coherence values significantly greater than zero are interpreted to reflect true coherence.
Finally, effects of group and condition were assessed using a repeated measures ANOVA. A
False Discovery Rate (FDR) (Benjamini and Hochberg, 1995) of g<.1 was used to correct
for multiple comparisons across all vertices. The g<.1 threshold was chosen based on current
mathematical analyses and practices in the field (Efron, 2007; Genovese et al., 2002; Rutter
et al., 2009). The assignment of vertices showing significant correlation with the FEF seeds
to particular cortical regions was based on automatically generated FreeSurfer labels (Dale
et al., 1999; Fischl et al., 1999a).

2.7.6 Averaging Coherence Values in the dACC—To compute the mean coherence
values in the right and left dACC labels, we averaged the coherence values across all
vertices of the dACC, per hemisphere. Thus, significant as well as non-significant coherence
values within the dACC were averaged together to obtain, for each participant, the mean
coherence value between the FEF and the dACC, which was then used for comparisons
across groups and conditions.

3.1. Behavioral Results

We excluded one NT control from the error analysis based on an error rate that was 3.75
standard deviations greater than the group mean. ASD participants did not significantly
differ in errors from NT controls (p =.12) and this was true regardless of task (Group x
Task, p = 0.15). Although ASD participants made almost twice as many antisaccade errors
(20 £14%) as controls (11 +10 %) this difference did not reach significance (p =.12). The
groups had a similar rate of prosaccade errors (ASD: 5 +4 %; NT: 4 +3 %; p = .37). There
were no significant group differences in response time on correct trials (p=.25) regardless of
task (Group x Task, p=.40; antisaccade: ASD 263 +31, NT 287 £37, p = .13; prosaccade:
ASD 222 +47; HC 237 £39; p = .44).

3.2. Sensor-Space Coherence Differences

Sensor-space coherence was analyzed for each condition in all frequency bands and
compared across groups. For each condition, about 30% of all sensor pairs showed reduced
alpha band coherence in ASD (p<.05 uncorrected, supplementary Fig. S1), while only about
5% of sensor pairs, as expected by chance, showed differences in the other frequency bands.
The distances between sensor pairs with reduced coherence in the ASD group were
distributed approximately uniformly, indicating that field spread was not a confounding
factor. Since we found no significant power differences between the groups in any
condition, in any of the sensor locations, the observed coherence differences could not be
attributed to variations in signal-to-noise ratio.
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3.3. Cortical Coherence

Given the role of alpha coherence in visuospatial attention, prior findings of reduced alpha
band coherence in ASD, and the findings of our sensor-space analyses, we first examined
alpha band coherence in our FEF and dACC ROls. We computed the coherence between
each of the four FEF seed regions, and all other vertices in the cortex in all three conditions.
We found that the NT group showed significant coherence (g<.1) between the FEFiIR seed
and vertices in the ipsilateral FEFsR, dACC, and the dorsolateral prefrontal cortex (DLPFC)
(Fig. 2a,c). The NT group also showed significant coherence between the FEFsL seed and
the dACC bilaterally. The FEFiIL and FEFsR seeds were not significantly coherent with any
other cortical regions. The same pairs of regions showed significant coherence in the ASD
group (Fig. 2b,d). In both groups, only the FEFIR and FEFsL showed significant coherence
with other cortical regions. Therefore, we limited further examination of group differences
in coherence to these two seed regions. Again, we found no significant power differences
between the groups in any condition, in any of the ROIs. Therefore, the observed coherence
differences could not be attributed to variations in signal-to-noise ratio.

3.4. Group and Condition Differences in Coherence with the FEFIR Seed

Compared to the NT group, the ASD group showed significantly reduced coherence
between the FEFiR seed and the right dACC across all three conditions. Importantly, only
the NT group showed significant modulation of coherence based on task demands.
Specifically, while the NT group showed increased coherence between these regions for AS
relative to PS or FIX conditions, the ASD group failed to increase coherence for the AS
condition and differed significantly from the NT group in this regard. Figure 3a shows the
mean coherence between the FEFIR and the right dACC, averaged across all the vertices in
the right dACC, per group, per condition. A repeated measures ANOVA in cortical space
confirmed this result, demonstrating a group by condition interaction in the coherence
between the FEFiIR and the ipsilateral dACC (F(2,38) > 11, p<1.7e-4, g<.1). This result
reflected both the general reduced coherence in ASD and the ASD group’s lack of
condition-driven modulation of coherence. Figure 3b shows the vertices that had significant
group by condition interactions when the FEFiIR seed was used to compute coherence.
Consistent with the sensor-space results, we confirmed using source space analysis that none
of the other frequency bands (i.e., Delta, Theta, Beta, Gammal and Gamma2) showed
significant group differences in coherence between these regions in any of the three
conditions.

3.5. Group Differences in Coherence with the FEFsL Seed

Coherence between the FEFsL and bilateral dACC did not differ by condition in either
group, but was significantly lower in the ASD group relative to the NT group in all
conditions. Figure 4 depicts the mean unbiased coherence between the FEFsL and all
vertices of the left dACC (Fig. 4a) and right dACC (Fig. 4b), after empty room correction.
Again, no other frequency band showed significant group differences in coherence between
these regions in any of the three conditions.

4. Discussion

This is the first study to use source space analysis of MEG data to specify the spectral and
spatial characteristics of reduced long-range functional connectivity in ASD. Compared to
NT controls, ASD participants showed reduced alpha coherence between key anatomical
components of a cognitive control network during preparation for a saccadic task. Moreover,
unlike NT controls, they failed to modulate this coherence based on task demands. Reduced
coherence and the failure to use context (here, the task cues) to modulate preparatory neural
activity in accordance with task demands may contribute to impaired behavioral control in
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ASD. These findings are consistent with the literature suggesting reduced cognitive control
over behavior in ASD. They complement our recent fMRI report of reduced functional
connectivity between the FEF and dACC during the same saccadic paradigm in the same
participants (Agam et al., 2010), but add temporal and spectral specificity by demonstrating
reduced coherence specifically during the preparatory period and in the alpha band.

ASD participants showed regionally specific reductions in alpha band coherence, which is
the dominant rhythm associated with visuospatial attention (Busch et al., 2009; Ergenoglu et
al., 2004; Hanslmayr et al., 2007; Mathewson et al., 2009). These findings are consistent
with previous studies finding reduced alpha band coherence in ASD at rest using sensor
space analysis (Murias et al., 2007; Tsiaras et al., 2011). In a review, Klimesch et al.
(Klimesch et al., 2007) hypothesized that event-related synchronization in the alpha band
plays an active role in top-down neural inhibitory control over cognitive performance. This
hypothesis is relevant to our study because converging lines of evidence suggest that neural
inhibition is abnormal in ASD. This evidence includes genetic studies implicating the -y-
aminobutyric acid (GABA) receptor gene complex (Hussman, 2001; Ma et al., 2005),
histological studies showing GABA receptor abnormalities (Blatt et al., 2001; Fatemi et al.,
2009), and cortical minicolumns with reduced neuropil space (Casanova et al., 2003), which
are a conduit for local inhibitory circuits. GABAergic neurons play a crucial role in saccade
generation by the FEF. Local infusions of the GABA agonist muscimol into the FEF in
rhesus monkeys interfered with the generation of saccades, while local injections of the
antagonist bicuculine resulted in a large number of spontaneous saccades (Schiller and
Tehovnik, 2003). Several other studies confirm that muscimol and other methods of
deactivating the FEF interfere with saccades, and more so for tasks with increased cognitive
requirements (Dias et al., 1995; Dias and Segraves, 1999; Keller et al., 2008). In humans,
higher GABA levels in the FEF correlated with reduced susceptibility to visual distractors
when making a saccade to a visual target (Sumner et al., 2010). In this context, we interpret
the reduced and unmodulated alpha synchrony in the ASD group during preparation for a
task requiring response inhibition as reflecting a failure in top-down cognitive control
mechanisms that rely on neural inhibition.

The dACC emerged as the key cortical region showing connectivity with the FEF during
saccadic preparation in both groups. This is consistent with its role in the top—down control
of ocular motor regions, including the FEF (Johnston et al., 2007). The dACC shows greater
activation for AS than PS (Brown et al., 2008; Doricchi et al., 1997; Ford et al., 2005;
Manoach et al., 2007; Matsuda et al., 2004; Paus et al., 1993), which likely reflects the
greater cognitive control required for AS, and lesions to the dACC increase the likelihood of
AS errors (Milea et al., 2003). The posterior part of the dACC has been labeled the
“cingulate eye field” because of its involvement in tasks requiring volitional, as opposed to
reflexive, saccadic control (Gaymard et al., 1998; Paus et al., 1993; Pierrot-Deseilligny et
al., 1995). Our findings of reduced and unmodulated coherence between the FEF and dACC
are consistent with evidence of functional ACC abnormalities in ASD, including during
response inhibition (Kana et al., 2007; Thakkar et al., 2008; Agam et al., 2010). Our findings
are also consistent with evidence of structural abnormalities of the ACC in ASD, including
reduced fractional anisotropy in the white matter underlying the dACC in our prior study
that included the same participants (Thakkar et al., 2008) as well as other studies (Anderson
et al., 2008; Barnea-Goraly et al., 2004; Ke et al., 2008; Ke et al., 2009). Finally, our
hypothesis that the reduced alpha band synchrony we observed in the ASD subjects reflects
a failure in inhibitory top-down control mechanisms is consistent with the finding that
individuals with ASD have fewer GABAA receptors and benzodiazepine binding sites in the
ACC (Oblak et al., 2009).
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We note that our findings of reduced coherence of the FEF with the dACC in ASD were
asymmetric and specific to either the inferior or superior FEF. Previous work has suggested
that the right inferior (or lateral) FEF disproportionately contributes to the cognitive aspects
of saccadic generation, while the left superior (or medial) FEF plays a more important role
in motor planning (Petit et al., 2009). These relative specializations are consistent with our
findings that the NT group modulated coherence with the FEFIR in accordance with task
demands, while coherence with the FEFsL was similar across all conditions, which had
identical motor requirements during the preparatory period (i.e., fixation). Furthermore, the
coherence values between the FEFiR and the dACC were generally greater than those
between the FEEFsL and the dACC. This observation supports a greater role for the right
hemisphere and the right FEF in particular in spatial attention (McDowell et al., 2005). We
caution, however, that these lateralized and regionally specific findings were not predicted,
and may reflect the small sample size and consequent lack of power in the present study,
which may also have led us to miss other meaningful effects.

Several other limitations of the present study merit consideration. Although ASD
participants made almost twice as many antisaccade errors as controls (20 £14% vs. 11 £10
%), this difference was not significant. This result is discrepant with numerous prior reports
of an increased antisaccade error rate in ASD, including our own slightly larger fMRI study
(Thakkar et al., 2008) that included the participants of the present study. We attribute this
discrepancy primarily to reduced power due to the small sample size. Another feature of the
present study is that we provided a nickel bonus per correct response. This incentive was
intended to elicit optimal performance by increasing attention and motivation, particularly in
ASD participants who might be less motivated to perform well in response to the social
demand characteristics of the experiment (e.g., they may be less motivated than NT controls
to please the examiner by performing well). The literature on whether monetary rewards
have differential effects on neural responses in ASD and NT individuals is mixed (Dichter et
al., 2012; Larson et al., 2011; Schmitz et al., 2008). Unlike these prior studies of reward,
however, in the present study there were no reward cues, there was no feedback on
performance, the bonus amount was small and identical for all correct trials, and the bonus
was remote in that it was added to the remuneration check that was mailed following study
completion. Since all correct responses were rewarded equally regardless of trial type, in the
comparisons of preparatory activation for different trial types any effect of the incentive
should be minimal. Thus, our main finding that only healthy controls respond to
antisaccades vs. prosaccades by increasing alpha coherence in a preparatory network, is
difficult to explain in terms of a differential effect of the incentive across groups. The strong
performance of both groups on the difficult antisaccade trials indicates that all participants
were well-motivated and engaged in the task. Another limitation is that our sample was
restricted to high functioning adults with ASD, and it is not clear whether our findings
would generalize to younger or lower functioning participants. Finally, four ASD
participants were taking medication at the time of the study (see Methods). Excluding those
subjects was not an option due to the small sample size, but we note that our fMRI findings
were similar when we excluded medicated participants (Agam et al., 2010), and inspection
of individual data suggested that these subjects did not contribute disproportionately to the
results.

5. Conclusions

In summary, we used MEG source localization techniques to examine the spectral and
spatial characteristics of reduced functional connectivity between the anatomical
components of a cognitive control network during a response inhibition task in ASD. Our
findings complement our recent fMRI findings of reduced functional connectivity between
the FEF and dACC during the same saccadic paradigm in the same participants (Agam et al.,
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2010), but add temporal and spectral specificity by demonstrating reduced coherence
specifically during the preparatory period, driven by reduced synchronization specifically in
the alpha band. In accord with our prior fMRI findings, we also found that NT participants,
but not ASD participants, increased alpha-mediated coherence in preparation for the more
difficult AS task. Our interpretation of these findings is that inhibitory top-down control
processes, mediated via alpha band synchronization, are impaired in ASD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ASD Autism Spectrum Disorder

NT Neurotypical

AS Antisaccades

PS Prosaccades

FIX Fixation

FEF Frontal Eye Field

FEFsR/L right and left superior FEF, respectively

FEFIR/L right and left inferior FEF, respectively

dAAC dorsal Anterior Cingulate Cortex

DLPFC dorsolateral prefrontal cortex

MEG Magnetoencephalography
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Figure 1.

Saccadic paradigm with idealized eye position traces. (a,b) Saccadic trials lasted 4 s and
began with an instructional cue at the center of the screen. For half of the participants,
orange concentric rings were the cue for a prosaccade trial (a) and a blue X was the cue for
an antisaccade trial (b). These cues were reversed for the other half of the participants. The
cue was flanked horizontally by two small green squares of 0.2° width that marked the
potential locations of stimulus appearance, 10° left and right of center. These squares
remained on the screen for the duration of each run. (c) After 300 ms, the instructional cue
was replaced by a green fixation ring, of 0.4° diameter and luminance of 20 cd/m?, at the
center of the screen. 1700 ms later, the ring shifted to one of the two target locations, right or
left, with equal probability. This was the stimulus to which the participant responded by
making a saccade either to it (PS) or to the square on the opposite side (AS). The green ring
remained in the peripheral location for 1000 ms and then returned to the center, where
participants were to return their gaze for 1000 ms before the start of the next trial. Fixation
intervals were simply a continuation of the fixation display that constituted the final second
of the previous saccadic trial, and lasted 2 s, 4 s, or 6 s. The bold line in (c) indicates the
time segment, 1000 ms preceding stimulus onset in saccade trials, used in our analyses.
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Figure 2.

Alpha-band coherence patterns in NT and ASD groups, during the AS condition. Colored
vertices indicate significant coherence values with the FEFIR seed (in green) at a threshold
of g<.1 on the inflated cortical surfaces. (a) Lateral cortical surface of the right hemisphere
for controls and (b) ASD participants. The FEFsR is outlined in cyan, DLPFC in purple. (c)
Medial cortical surface of the right hemisphere for NT participants, and (d) ASD
participants. The FreeSurfer dACC label is outlined in orange.
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Figure 3.

Group by condition interaction for the FEFIR seed. (a) Bar graph of coherence between the
FEFIR seed and the right dACC, averaged across all right dACC vertices, per condition, per
group. Standard errors were computed using individual coherence values in the dACC
across subjects, within each group. For each condition, coherence between the two regions
was significantly reduced in the ASD group (p<.00001 for AS, p<.01 for PS/FIX). In the NT
group coherence was significantly higher in the AS condition relative to the PS or FIX
conditions (p<.01). Coherence was similar across all three conditions in the ASD group. (b)
Result of the repeated measures ANOVA of coherence in cortical space showing a
significant group by condition interaction in the right dACC (outlined in orange).
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Figure4.

Group differences in coherence with the FEFsL seed. Coherence between the FEFsL and (a)
left and (b) right dACC, averaged across all vertices in the dACC label per hemisphere, per
condition, per group. Standard errors were computed using individual coherence values in
the dACC across subjects, within each group. No significant differences were observed
across conditions in either group. The ASD group showed significantly reduced coherence
between the FEFsL and the dACC in all conditions, in both the left (p<.005) and right (p<.
02) hemispheres.
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Means and standard deviations for demographic data for each group. Two-tailed t-tests revealed no significant
differences between groups.

Subject Characteristics NT (n=11) ASD (n=11) p

Age 29 +/-9 28 +/- 10 0.75
Sex 9M/2F 9M/2F -

Estimated Verbal 1Q 113 +/-9 116 +/- 8 0.38
Parental SES 140+/-0.70 1.20+/-0.42 0.45
Years of Education 16 +/-1 16 +/-3 0.93
Laterality Score (handedness) 73 +/- 50 62 +/- 39 0.56
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