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Abstract: Although autism is usually characterized with respect to sociocommunicative impairments,
visual search is known as a domain of relative performance strength in this disorder. This study
used functional MRI during visual search in children with autism spectrum disorder (n ¼ 19;
mean age ¼ 13;10) and matched typically developing children (n ¼ 19; mean age ¼ 14;0). We
selected regions of interest within two attentional networks known to play a crucial role in visual
search processes, such as goal-directed selective attention, filtering of irrelevant distractors, and
detection of behaviorally-relevant information, and examined activation and connectivity within and
between these attentional networks. Additionally, based on prior research suggesting links between

visual search abilities and autism symptomatology, we tested for correlations between

sociocommunicative impairments and behavioral and neural indices of search. Contrary to many

previous functional connectivity magnetic resonance imaging studies of autism that reported func-

tional underconnectivity for task domains of weakness, we found atypically increased connectivity

within and between attentional networks in autism. Additionally, we found increased functional

connectivity for occipital regions, both locally and for long-distance connections with frontal

regions. Both behavioral and neural indices of search were correlated with sociocommunicative

impairment in children with autism. This association suggests that strengths in nonsocial
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visuospatial processing may be related to the development of core autistic sociocommunicative

impairments. Hum Brain Mapp 34:2524–2537, 2013. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Autism spectrum disorder (ASD) has been characterized
as a disorder of abnormal neural connectivity, rather than
of region-specific neural dysfunction [Belmonte et al.,
2004; Rippon et al., 2007]. This theoretical shift is in line
with the underconnectivity theory of ASD put forth by
Just et al. [2004]. This theory was partially based on evi-
dence from functional connectivity MRI (fcMRI), which is
a complementary approach to traditional fMRI activation
analyses and detects interregional correlations of the blood
oxygenation level dependent (BOLD) signal.

In the fcMRI literature on ASD, two methodological
approaches can be grossly distinguished: activation fcMRI,
which primarily detects task-related BOLD signal fluctua-
tions, and intrinsic fcMRI, which isolates spontaneous sig-
nal fluctuations below 0.1 Hz [Van Dijk et al., 2010].
Intrinsic low-frequency fluctuations may be more closely
linked to anatomical connectivity [Greicius et al., 2009; van
den Heuvel et al., 2009], whereas activation fcMRI may
reveal more task-dependent network connectivity [e.g.,
Hampson et al., 2004; Jones et al., 2010] and is related to
variations in behavioral performance and attentional focus
[Prado and Weissman, 2011; Prado et al., 2011]. While
both approaches provide important information about
interregional signal correlations, evidence of underconnec-
tivity in ASD may depend on which methodological
approach is chosen [Müller et al., 2011].

One potential limitation of previous activation fcMRI
studies in ASD (including the majority of studies that
reported underconnectivity findings) has been the use of
tasks associated with deficits in ASD [Thai et al., 2009].
These studies have employed experimental paradigms
examining domains of impairment in ASD, including
theory of mind [Kana et al., 2009; Mason et al., 2008], exec-
utive function [Agam et al., 2010; Just et al., 2007; Kana
et al., 2007; Koshino et al., 2005; Lee et al., 2009; Solomon
et al., 2009], language comprehension and production
[Jones et al., 2010; Just et al., 2004; Kana et al., 2006], and
face processing [Kleinhans et al., 2008; Koshino et al., 2008;
Welchew et al., 2005]. Reduced BOLD signal correlations
that were interpreted as underconnectivity in these studies
may therefore reflect differences in perceived task diffi-
culty, attentional focus, or engagement, rather than
reduced integrity of underlying neurocognitive networks.

Although many behavioral and clinical reports about
islands of sparing and superior functioning in ASD are
available [Lincoln et al., 1988; Mottron et al., 2006], only
one study to date has examined functional connectivity for

a task in which individuals with ASD tend to excel. Dam-
arla et al. [2010] observed reduced functional connectivity
between frontal and posterior regions in ASD for an em-
bedded figures test (EFT), commonly associated with supe-
rior performance in ASD [Dakin and Frith, 2005].
However, the small number of trials in this study warrants
cautious interpretation.

We examined functional connectivity for visual search—a
type of task for which superior performance has been
reported in ASD [Joseph et al., 2009; Kaldy et al., 2011;
O’Riordan and Plaisted, 2001; O’Riordan et al., 2001]. Visual
search paradigms require participants to determine the
presence or absence of a target located within an array of
distractors. Two distributed attentional networks are con-
sidered crucial for visual search [Corbetta and Shulman,
2002; Corbetta et al., 2008]: a bilateral dorsal frontal-parietal
network responsible for top-down, voluntary control of vis-
ual attention; and a right-lateralized ventral frontal-parietal
network associated with bottom-up modulation of attention
and filtering of irrelevant information. We examined activa-
tion and connectivity within and between these two atten-
tional networks. Given prior research showing visual search
abilities being linked with ASD symptomatology in children
with ASD [Joseph et al., 2009] and with autistic traits in typi-
cally developing (TD) adults [Brock et al., 2011], we also
examined whether sociocommunicative impairments were
related to behavioral and neural indices of search.

METHODS

Participants

Twenty-seven children with ASD and 24 TD children
participated. After exclusion of participants with excessive
head motion (see below), the final sample included 19 chil-
dren and adolescents with ASD (all males; two left-
handed) and 19 age-, IQ-, gender-, handedness-, and
motion-matched TD children and adolescents (Table I).
This sample included some of the participants from a pre-
vious publication [Keehn et al., 2008]. Clinical diagnoses
were confirmed using the Autism Diagnostic Interview—
Revised [ADI-R; Rutter et al., 2003], the Autism Diagnostic
Observation Schedule [ADOS; Lord et al., 1999], and
expert clinical judgment according to DSM-IV criteria. In-
formation on psychotropic medication use was available
for 14 of 19 children with ASD; of these 14 individuals,
five reported use of selective serotonin re-uptake inhibitors
and one reported use of stimulant medication. Children
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with autism-related medical conditions (e.g., Fragile-X syn-
drome, tuberous sclerosis) were excluded. Participants in
the TD group had no reported personal or family history
of autism and were confirmed via parent report to be free
of autism-related symptoms or any other neurological or
psychiatric conditions and were not taking any psycho-
tropic medications. Informed assent and consent was
obtained from all participants and their caregivers in ac-
cordance with the University of California, San Diego and
San Diego State University Institutional Review Boards.

Task Procedure

The experiment was presented with a Pentium III 1.7
GHz/512 MB laptop PC using Presentation software (http://
www.neurobs.com). Stimuli were projected onto a screen
placed at participants’ feet and were viewed using a mirror
attached to the head coil. The experimental paradigm was
identical to the one described in Keehn et al. [2008]. The tar-
get was an upright ‘‘T’’ and distractors were Ts rotated 90,
180, and 270�. In the homogeneous condition, all distractors
in a trial were presented in one identical orientation, while in
the heterogeneous condition distractors in all three orienta-
tions were mixed. The target appeared within the search
array for 50% of the trials (target present); in the remaining
trials, only distractors were presented (target absent). Addi-
tional baseline trials consisted of a solitary target (target pres-
ent baseline) or distractor (target absent baseline), displayed
in the center of the screen. Twenty trials of each condition (12
searches, 2 baseline) were presented for a total of 280 trials.

The task was to indicate via an MRI compatible button
box whether the target was present or absent. A trial
began with a fixation cross (‘‘þ’’) presented alone for

300 ms. Next, with the fixation cross removed, the search
array appeared and remained on the screen for 2,200 ms.
Null trials used for temporal jittering consisted of a
fixation cross presented alone for 2,500 ms.

The experiment consisted of four runs, each with 70
search/baseline trials and 58 null trials. Within each run,
trial types were presented in an optimized pseudorandom
sequence created using RSFgen (http://afni.nimh.nih.gov).
Before the scanning session, a demonstration was given
and practice trials were administered with corrective feed-
back to individuals in both groups. Participants were
instructed to respond as quickly as possible without mak-
ing errors.

MRI Data Acquisition

Imaging data were acquired using a GE 3Tesla HD Signa
Excite scanner with an eight-channel head coil. High-resolu-
tion anatomical images were acquired using a standard
FSPGR T1-weighted sequence (TR: 11.08 ms; TE: 4.3 ms; flip
angle: 45�; 256 � 256 matrix; 180 slices; 1 mm3 resolution).
Each of the four functional runs consisted of 128 whole-brain
volumes acquired in 39/40 interleaved slices using a single-
shot, gradient-recalled, echo-planar pulse sequence (TR:
2,500 ms; TE: 30ms; flip angle: 90�; 64 � 64 matrix; 3.2 mm
slice thickness; in-plane resolution 3.4 mm2). Participants’
heads were stabilized with foam padding to reduce motion.

FMRI Preprocessing

Data were analyzed using the Analysis of Functional
Neuroimages suite [AFNI; Cox, 1996]. For each participant,
the first four volumes of each run were discarded to

TABLE I. Participant characteristics

ASD (n ¼ 19) M (SD) range TD (n ¼ 19) M (SD) range t-value P

Age (years; months) 13;10 (2;9) 14;0 (2;5) �0.17 0.86
8;10–18;4 9;3–18;6

Verbal IQ 110.3 (14.0) 110.0 (14.0) 0.08 0.94
88–147 74–133

Nonverbal IQ 113.0 (10.2) 112.2 (12.3) 0.20 0.84
93–131 85–129

Full-scale IQ 112.9 (11.8) 113.0 (14.0) –0.01 0.99
96–141 77–140

Total motion 0.24 (0.20) 0.19 (0.14) 0.88 0.38
0.02–0.73 0.03–0.63

Percentage censored 0.05 (.07) 0.04 (0.06) 0.49 0.63
0–0.22 0–0.22

ADOS algorithm scores
Communication 3.1 (1.8) n/a

0–6
Social interaction 7.8 (2.4) n/a

4–13
Repetitive behavior 2.0 (1.4) n/a

0–5

IQ determined using the Wechsler abbreviated scale of intelligence (WASI; Wechsler, 1999).
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remove signal equilibration effects. Visual inspection and
quality control (3dToutcount, 3dTqual) of each run were
completed. The data were then slice-time corrected and
realigned to the middle time point of the first run and cor-
egistered to the anatomical volume using a single transfor-
mation matrix (epi_align_anat.py). Data were smoothed
with a Gaussian filter to an effective full-width at half
maximum of 6 mm (3dBlurFWHM), scaled to a mean of
100 (3dcalc), and concatenated (3dTcat) to create a single
time-series with 496 volumes.

In order to control for head motion, the first temporal
derivative for the six motion parameters (three rotations,
three translations) was calculated and the magnitude of
displacement (Dt) was computed as the root sum of square
for each of the 496 time points [see Jones et al., 2010, for
detailed discussion of method and translation/rotational
significance of Dt]. Time points with excessive head
motion (Dt > 1; roughly equivalent to 1 mm when rota-
tional displacement is small) as well as the immediately
preceding and following time points were censored from
further activation and connectivity analyses. Additionally,
sections of less than 10 consecutive uncensored time points
were excluded. Finally, the root mean square of displace-
ment magnitudes across the entire time series was calcu-
lated as an estimate of total motion in each participant.
Any participant with greater than 25% of their data
removed on the basis of the criteria described above was
excluded from this study (ASD ¼ 8; TD ¼ 5).

FMRI Activation Analysis

The hemodynamic impulse response function (IRF) for
each stimulus type (collapsing across three set sizes) was
estimated using a general linear model. Variable-shape
IRFs for each stimulus type were estimated using piece-
wise linear B-spline (tent) basis functions [Saad et al.,
2006]. Seven tent functions were used to model the
response from the onset of each stimulus type and at each
of the next six time points (0–15 s post stimulus onset).
The six motion parameters corresponding to translation
and rotation and a separate regressor that indicated error
trials were used as orthogonal regressors. Statistical maps
for each stimulus type were computed as the sum of the
fit coefficients for three time points occurring within 2.5–
7.5 s, corresponding to the peak hemodynamic response.
Statistical maps were interpolated to 3 mm3 isotropic vox-
els and spatially normalized to the structural volume,
which had been standardized to the N27 Talairach-Tour-
noux template using AFNI auto-talairach procedures
(@auto_tlrc).

One- and two-sample t-tests (3dttest) were used to
assess activation for homogeneous and heterogeneous tri-
als within and between groups. All statistic maps were
corrected for multiple comparisons to a cluster corrected
threshold of P < 0.05, using Monte Carlo alpha simulation
[Forman, 1995].

Functional Connectivity Analysis

We focused on an approach characterized as activation
fcMRI above (although intrinsic fcMRI results are also pre-
sented in the Supporting Information). Following high-
pass filtering (125 s; 3dFourier), sources of noise (linear
trend, six motion parameters) were modeled and removed,
using a general linear model, and residuals were used in
subsequent functional connectivity analysis. Data were
interpolated to 3 mm3 isotropic voxels and spatially nor-
malized to the N27 Talairach-Tournoux template, as
described above. For each participant, the mean time
course for each region of interest (ROI) was extracted. The
correlation between the average time courses for each ROI
pair was calculated and then transformed using Fisher’s r
to z0 transformation. Additionally, a whole brain analyses
was conducted where the mean time series for each ROI
was correlated with all other voxels in the brain. Each par-
ticipant’s connectivity map was entered into one- and two-
sample t-tests to examine within- and between-group
effects. All statistic maps were corrected for multiple com-
parisons to a cluster corrected threshold of P < 0.05, using
Monte Carlo simulation (AlphaSim).

Twelve spherical ROIs with a 6 mm radius around local
maxima and minima of significant activation clusters were
derived from an analysis for all search trials and both
groups combined. Locations were chosen based on their
correspondence to nodes within dorsal and ventral atten-
tion networks [Corbetta and Shulman, 2002; Corbetta
et al., 2008]. ROIs for the dorsal network included bilateral
frontal eye fields (rFEF, lFEF) and intraparietal sulci (rIPS,
lIPS). For the ventral network, ROIs included right hemi-
sphere inferior frontal gyrus (rIFG), anterior insula (rINS),
temporal-parietal junction (rTPJ), and middle frontal gyrus
(rMFG). Additionally, bilateral extrastriate (rMOG, lMOG)
and primary visual cortex (rV1, lV1) were selected in order
to examine functional connectivity between attentional net-
works and visual regions in the occipital lobe (see Fig. 3A;
Supporting Information Table SI for ROI coordinates).

RESULTS

Behavioral Results

Behavioral data were successfully collected from of 17 of
19 participants with ASD and 18 of 19 TD participants.
Mean error rates and median response times (RT) for cor-
rect trials were entered into a 2 (group: ASD, TD) � 2 (dis-
tractor type: homogenous, heterogeneous) � 2 (target
presence: absent, present) � 3 (set size: 6, 12, 24) mixed-
model repeated measures ANOVA. Slopes and y-inter-
cepts for target absent and present trials of homogenous
and heterogeneous conditions were determined from the
regression line associated with median RT at each set size.
These values were entered into a 2 (group: ASD, TD) � 2
(distractor type: homogenous, heterogeneous) � 2 (target
presence: absent, present) mixed-model repeated measures
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ANOVA. In a separate set of analyses, age was entered as
a covariate (after determining that age met homogeneity of
regression assumption); results for main effects of group
and interactions between group and other factors
remained unchanged unless explicitly stated below.

Error rate

Mean error rates did not significantly differ between
groups, F(1, 33) ¼ 1.9, P ¼ 0.2, nor were there any signifi-
cant interactions between group and any other factor (all P
> 0.1). Error rates were greater in heterogeneous com-
pared to homogeneous trials, F(1, 33) ¼ 50.4, P < 0.01,
greater in present compared to absent trials, F(1, 33) ¼
11.2, P < 0.01, and increased with set size, F(2, 66) ¼
103.5, P < 0.01. Interactions between distractor type and
set size and target presence and set size were significant
(P < 0.01). Mean error rate for the baseline conditions did
not differ significantly between ASD (M ¼ 4%) and TD
(M ¼ 4%) groups, F(1, 33) ¼ 0.01, P ¼ 0.8 (Fig. 1).

Response time

There was no difference in RT between groups, F(1, 33)
¼ 0.6, P ¼ 0.4, nor were there any significant interactions
between group and any other factors (all P > 0.1). As
expected, RT was longer for heterogeneous compared to
homogenous conditions, F(1, 33) ¼ 308.6, P < 0.01, longer
for absent compared to present trials, F(1, 33) ¼ 193.5, P <
0.01, and increased with set size, F(2, 66) ¼ 197.6, P <
0.01. Additionally, there were significant interactions
between distractor type and target presence and distractor
type and set size, and between target presence and set size
(all P < 0.01). Baseline RT did not significantly differ
between ASD (M ¼ 788 ms) and TD (M ¼ 759 ms) groups,
F(1, 33) ¼ 0.6, P ¼ 0.5.

Slopes and intercepts

RT � set size slopes did not differ between groups, F(1,
33) ¼ 1.0, P ¼ 0.3, nor were there any significant interac-
tions between group and any other factor (all P > 0.2).
Slopes were larger in heterogeneous compared to homoge-
nous, F(1, 33) ¼ 20.4, P < 0.01, and larger in absent com-
pared to present trials, F(1, 33) ¼ 32.4, P < 0.01 (Fig. 2).

Y-intercepts of RT � set size functions did not differ
between groups, F(1, 33) ¼ 1.9, P ¼ 0.2. There was a sig-
nificant group by distractor type by target presence inter-
action, F(1, 33) ¼ 4.9, P < 0.05; however, this effect was no
longer significant after controlling for age. Simple effects
revealed that the interaction was due to marginally
increased y-intercepts for the ASD group in homogeneous
present and heterogeneous absent conditions (P < 0.1).

ADOS correlations

Correlational analyses between slopes and y-intercepts
of RT � set size functions for homogeneous and heteroge-
neous target absent and present conditions revealed a sig-
nificant association between homogeneous target absent
slope and ADOS Communication scores, r(16) ¼ �0.57, P
< 0.05, and Total, r(16) ¼ �0.62, P < 0.05, in the ASD
group (ADOS correlations presented here and below not
corrected for multiple comparisons).

FMRI Results

Participant motion

Based on the criteria described above, the mean percent-
age of data censored from all included participants (ASD
¼ 19; TD ¼ 19) was less than 5%. Percentage of data cen-
sored and amount of total motion did not differ between

Figure 1.

Line graphs correspond to median RT (y-axis on the left) for homogeneous (left graph) and het-

erogeneous (right graph) conditions. Bar graphs show error rates (collapsed across absent and

present conditions; y-axis on the right) for ASD (gray bars) and TD (white bars) groups.
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groups (Table I). The percentage of censored time points
and the amount of total motion were not significantly cor-
related with age or IQ for TD participants or with age, IQ,
or ADOS algorithm scores for ASD participants included
in the current sample (all P > 0.1).

Activation results

Both groups exhibited activation in regions previously
implicated in voluntary control of attention and visual
search, including dorsal frontoparietal regions such as
bilateral frontal eye fields and intraparietal sulci (Table II).
Both groups also showed activation of bilateral insula and
right inferior and middle frontal gyri associated with the
ventral attentional network. In addition, deactivation of
bilateral TPJ, associated with filtering of irrelevant distrac-
tors [Shulman et al., 2007; Wei et al., 2009], was also pres-
ent in each group. Lastly, both groups also exhibited
activation of occipital cortex.

Between-group comparisons revealed significantly
greater activation in the left putamen for homogeneous
present trials in the TD group. No significant between-
group effects were seen for any other condition or all search
trials combined. Similar results were obtained when age
was entered as a covariate in between-group analyses.

ROIs for fcMRI analysis were selected from local max-
ima and minima within significant clusters of activation
for all search trials for ASD and TD groups combined that
corresponded to regions of dorsal and ventral attention
networks as well as regions within the occipital lobe (Fig.
3A; Supporting Information Table SI). Separate mixed-

model ANOVAs using within-subject factors distractor
type (homogeneous, heterogeneous) and target presence
(present, absent) and between-subjects factor group (ASD,
TD) were conducted on each ROI (Table III; Supporting In-
formation Fig. S1). Regions showing significantly greater
activation to heterogeneous compared to homogeneous
distractors included rFEF, lIPS, rINS, lMOG, rV1, and lV1.
A significant main effect of target presence was found for
rFEF, rIFG, and rMOG, reflecting increased activation to
target absent as compared to target present trials. There
was no significant main effect of group for any ROI. A sig-
nificant interaction between distractor type and target
presence was found for rFEF, rIPS, lIPS, rINS, rIFG, and
lMOG. For all regions except the rIPS, follow-up t-tests
revealed significantly greater activation for heterogeneous
absent compared to heterogeneous present trials and sig-
nificantly increased activation for heterogeneous absent
compared to homogeneous present trials. For the rIPS,
interaction was due to significantly increased activation
for heterogeneous absent compared to heterogenous pres-
ent and for heterogeneous present compared to homogene-
ous present trials. Additionally, there was no interaction
between group and distractor type or target presence for
any ROI, with the exception of the rIFG. Here, individuals
with ASD exhibited significantly increased activation to
heterogeneous compared to homogeneous trials, while TD
individuals showed a (nonsignificant) opposite trend.
Lastly, all but three regions (rMOG, rV1, lV1) showed a
significant three-way interaction between group, distractor
type, and target presence. Simple effects revealed no sig-
nificant group differences for any condition. Repeated
measures ANOVAs conducted separately for each group
showed that for all but one ROI (rTPJ) TD individuals
showed an interaction between distractor type and target
presence, while individuals with ASD did not (Supporting
Information Table SII). As can be seen in Supporting Infor-
mation Figure S1, this was due, in part, to greater activation
in the heterogeneous absent condition relative to the hetero-
geneous present condition for the TD group, but more
equivalent activation between the two conditions for the
ASD group. Results for main effects of group and interac-
tions between group and other factors for ROI analysis
remained the same when age was entered as a covariate.

ADOS correlations

Correlational analyses for ROI activation to homogenous
and heterogeneous trials and ADOS algorithm scores
revealed significant associations of rMFG activation with
ADOS Communication scores for the homogeneous condi-
tion, r(18) ¼ 0.49, P < 0.05, and with Communication and
Total scores for the heterogeneous condition, r(18) ¼ 0.64,
P < 0.01 and r(18) ¼ 0.49, P < 0.05, respectively. Addition-
ally, there were significant correlations of lIPS activation
with Social and Total scores for the homogeneous condi-
tion, r(18) ¼ �0.49, P < 0.05 and r(18) ¼ �0.56, P < 0.05,
respectively, and with Social and Total scores for the

Figure 2.

RT by set size slopes (A) and y-intercepts (B) for homogeneous

and heterogeneous target absent and target present conditions.

Error bars represent one standard error of the mean.
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Figure 3.

(A) Significant activation clusters for combined group analysis for all search versus null trials.

White circles represent ROIs corresponding to dorsal and ventral networks and visual-occipital

regions. Note: ROIs placed in primary visual cortex are not displayed. (B) Significant activation

clusters for within-group comparisons for all search versus fixation trials. Significant activation in

red for ASD group, blue for TD group, and green for areas of overlapping activation for both

groups.
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heterogeneous condition, r(18) ¼ �0.49, P < 0.05 and r(18)
¼ �0.52, P < 0.05, respectively.

Connectivity Results

ROI analysis

A goal of the current study was to examine functional
connectivity within and between attention networks
involved in visual search and between these networks and
visual-occipital regions. Within-network connectivity was
examined by averaging z0 scores for within-network ROI
pairs. Between-network connectivity was examined by
averaging z0 scores for between-network ROI pairs. In

addition, for between-network connectivity, mixed-model
ANOVAs were used to examine inter-network connectiv-
ity of each region with dorsal and ventral networks. For
both within- and between-network ROI analyses, age was
entered as a covariate (after determining that age met ho-
mogeneity of regression assumption); results for main
effects of group and interactions between group and other
factors remain unchanged.

Within-network connectivity

A mixed-model ANOVA was used to examine within-net-
work connectivity using within-subject factor network (dor-
sal, ventral, visual) and between-subject factor group (ASD,

TABLE II. fMRI BOLD activation and deactivation for all search trials for ASD and TD groups

Group Peak location Hemisphere

Talairach coordinates

Volume (voxels) T-scorex y z

Activation
ASD Middle occipital gyrus L �29 �80 6 1372 9.7

Postcentral gyrus L �44 �29 48 359 7.2
Thalamus L �23 �26 �1 185 8.9
Middle cingulate cortex R 8 8 45 169 8.9
Thalamus R 8 �26 �4 159 8.6
Precentral gyrus R 38 �11 39 66 6.1
Thalamus R 23 �29 3 61 8.7
Insula R 32 20 9 61 7.0
Inferior frontal gyrus R 47 8 30 55 5.1
Superior parietal lobe L �20 �62 42 40 5.7
Insula L �32 17 9 38 6.0
Putamen R 20 11 12 35 5.5
Putamen L �23 �2 9 22 4.8
Caudate R 5 2 12 16 5.6

TD Middle occipital gyrus L �29 �80 9 1274 9.8
Thalamus L �23 �32 12 346 8.8
Frontal eye fields L �38 �17 51 279 6.9
Supplementary motor area L �2 8 48 253 8.9
Thalamus R 23 �29 3 66 8.4
Superior parietal lobe L �23 �56 45 60 6.0
Insula L �29 20 9 59 6.5
Thalamus R 14 �17 18 59 6.7
Insula R 29 17 9 51 6.9
Putamen L �29 �8 3 29 5.2
Frontal eye fields R 26 �5 45 25 5.1
Cerebellum L �32 �53 �22 13 6.4

TD > ASD Putamena L �23 �5 15 45 3.6

Deactivation
ASD Supramarginal gyrus L �59 �41 30 65 �6.8

Inferior parietal lobe L �35 �77 36 52 �5.3
Rolandic operculum R 38 �23 21 30 �5.8
Middle temporal gyrus R 47 �53 12 29 �5.6
Lingual gyrus L �11 �59 12 29 �6.1
Middle frontal gyrus L �20 11 45 12 �4.6

TD Angular gyrus L �38 �74 33 39 �6.1
Angular gyrus R 38 �74 39 19 �5.3

aHomogeneous target present condition.
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TD). There was a significant main effect of network, F(2, 72)
¼ 5.3, P < 0.05. Simple effects revealed that dorsal network
connectivity was greater than ventral, t(37) ¼ 5.6, P < 0.05,
but not visual, P ¼ 0.3, networks. There was a marginally sig-
nificant main effect of group, F(1, 36) ¼ 3.7, P ¼ 0.06, as indi-
viduals with ASD evidenced higher mean z0 scores for
within-network connections. The interaction between group
and network was not significant, F(3, 108) ¼ 0.46, P ¼ 0.6.

Between-network connectivity

A mixed-model ANOVA was performed to examine
between-network connectivity using within-subject factor
inter-network connection (dorsal-ventral, dorsal-visual,
ventral-visual) and between-subjects factor group (ASD,
TD). There was a significant main effect of inter-network
connection, F(2, 72) ¼ 88.2, P < 0.01, with increased dor-
sal-ventral connectivity relative to both dorsal-visual, t(37)
¼ 9.1, P < 0.01, and ventral-visual connectivity, t(37) ¼
11.9, P < 0.01. Additionally, there was a marginally signifi-
cant main effect of group, F(1, 36) ¼ 3.1, P ¼ 0.08, with
greater inter-network connectivity in ASD as compared to
TD individuals (Fig. 4).

Between-network connectivity was also assessed with a
series of mixed-model ANOVAs with between-subjects
factor group (ASD, TD) and within-subjects factors consist-
ing of two sets of network-specific ROIs; for example, dor-
sal-ventral connectivity was assessed using within-subject
factors dorsal (rFEF, lFEF, rIPS, lIPS) and ventral (rMFG,
rINS, rIFG, rTPJ). For dorsal-ventral connectivity, there
were significant main effects of dorsal and ventral ROIs
and significant interaction between-network connectivity
(all P < 0.01). There was no significant main effect of
group, F(1, 36) ¼ 1.7, P ¼ 0.20, and no significant interac-
tion between group and dorsal regions, F(3, 108) ¼ 2.0, P

¼ 0.12; however, there was a marginally significant inter-
action between group and ventral regions, F(3, 108) ¼ 2.3,
P ¼ 0.08. Between-group comparison of average dorsal
connectivity for each ventral ROI showed significantly
increased functional connectivity between rTPJ and dorsal
network in ASD, t(37) ¼ 2.3, P < 0.05. Dorsal connectiv-
ities for the other ventral ROIs were not significantly dif-
ferent between groups (all P > 0.3).

For dorsal-visual connectivity, there were significant
main effects of dorsal and visual ROIs and a significant
interaction between-network connectivity of ROIs (all P <
0.01). There was no significant main effect of group, F(1, 36)
¼ 0.83, P ¼ 0.37, and no significant interaction between
group and visual regions, F(3, 108) ¼ 0.56, P ¼ 0.64. How-
ever, there was a marginally significant interaction between
group and dorsal regions, F(3, 108) ¼ 2.6, P ¼ 0.06. Between-
group comparisons of average visual connectivity for each
dorsal ROI showed marginally increased functional connec-
tivity between rIPS and visual network in ASD, t(37) ¼ 1.8,
P ¼ 0.08. Dorsal connectivity for the other visual ROIs was
not significantly different between groups (all P > 0.1).

For ventral-visual connectivity, there were significant main
effects of ventral and visual ROIs and a significant interaction
between-network connectivity of ROIs (all P < 0.05). There
were no significant interactions between group and either
network (all P > 0.5). However, there was a significant main
effect of group, F(1, 36) ¼ 5.6, P < 0.05; individuals with ASD
exhibited greater functional connectivity between ventral and
visual ROIs as compared to TD individuals.

Whole brain analysis

Results from the whole brain analysis revealed areas of
increased functional connectivity in ASD for ROIs of each
network (Fig. 5; see Supporting Information Figure S2 for

TABLE III. Statistical analysis of activation for regions of interest

Brain region

Analysis of variance results

Group
F(1, 36)

Distractor
type F(1, 36)

Group �
distractor

type F(1, 36)

Target
presence
F(1, 36)

Group � target
presence
F(1, 36)

Distractor type �
target presence

F(1, 36)

Group � distractor
type � target

presence F(1, 36)

Dorsal network rFEF 0.02 10.97a 0.42 4.94b 2.21 9.18a 14.82a

lFEF 0.70 0.56 1.54 1.2 0.19 3.71 5.04b

rIPS 1.15 0.55 1.44 2.49 1.13 5.08b 9.04a

lIPS 0.66 10.64a 0.02 0.70 0.86 6.90b 5.55b

Ventral network rINS 0.45 5.82b 0.69 2.68 0.07 10.24a 5.56b

rIFG 0.40 0.87 4.18b 16.32a 0.01 5.46b 4.45b

rTPJ 0.86 2.93 2.11 0.82 0.09 0.50 5.86b

rMFG 0.02 1.03 0.10 0.00 0.00 0.96 7.50a

Visual regions rMOG 0.29 1.51 0.08 6.47b 0.41 0.69 1.19
lMOG 1.05 12.95a 0.14 2.73 0.00 14.11a 6.74b

rV1 1.46 16.73a 1.60 1.88 0.11 1.20 0.32
lV1 0.36 10.34a 0.41 1.13 0.20 0.01 3.84

aP < 0.01.
bP < 0.05.
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more detailed connectivity results). For the dorsal net-
work, the ASD group showed increased connectivity
between rIPS and a region associated with the ventral net-
work, the right insula. For the ventral network, ASD par-
ticipants demonstrated increased connectivity between
rTPJ and bilateral middle frontal gyri and between rMFG
and the right middle occipital gyrus. Finally, for the visual
network the ASD group showed increased connectivity for
long-distance regions in the medial and lateral frontal cor-
tex as well as increased connectivity for more local areas
within the occipital lobe. Inclusion of age as a covariate
resulted in additional regions of enhanced connectivity for
the ASD group for lMOG, lV1, and rMFG seeds, and the
absence of increased rTPJ-rMFG connectivity in ASD
group (Supporting Information Table SIII).

ADOS correlations

No correlation between ADOS algorithm scores and
mean within- and between-network connectivity reached
significance (all P > 0.3).

DISCUSSION

We investigated brain activations and functional connec-
tivity for visual search, considered a processing strength in
ASD. Contrary to some previous behavioral and neuro-
imaging studies of visual search in ASD, we did not detect
robust group differences in performance or activation. Fur-
thermore, in contrast to many previous fcMRI studies of
ASD that reported reduced connectivity for task domains
of processing weakness, we found increased connectivity
within and between attentional networks in ASD during
visual search. Finally, we found both behavioral and neu-
ral indices of search to be related to sociocommunicative
impairment in individuals with ASD.

Performance and fMRI Activation

Our results in part replicate findings from prior behav-
ioral [Duncan and Humphreys, 1989] and neuroimaging
[Donner et al., 2002; Wei et al., 2009; Wilkinson et al.,
2002] studies of visual search. Both groups were faster to
respond to homogeneous compared to heterogeneous and
target present compared to absent trials. Further, both
groups showed activation and deactivation in expected
frontoparietal and occipital brain regions [Donner et al.,
2002; Muller et al., 2003; Wei et al., 2009].

No group differences were found for any behavioral
search measure, which is inconsistent with previous stud-
ies reporting superior visual search performance in ASD.
Similarly, we did not detect differential patterns of activa-
tion, including greater activation in posterior brain regions
in ASD [Keehn et al., 2008; Lee et al., 2007; Manjaly et al.,
2007; Ring et al., 1999]. However, groups did display
subtle differences in activation patterns for specific trial
types in some regions. Activation levels between heteroge-
neous present and absent conditions were roughly equiva-
lent for the ASD group, while TD individuals consistently
showed increased activation to heterogeneous target
absent compared to target present trials. This is consistent
with previous behavioral findings of more robust differen-
ces (i.e., faster response time) in target absent compared to
target present trials between ASD and TD groups [e.g., Jo-
seph et al., 2009; O’Riordan et al., 2001].

Functional Connectivity

This study is among the first to examine activation func-
tional connectivity for a domain considered to be a proc-
essing strength in ASD. In contrast to previous studies
that have used tasks tapping into domains of impairment,
we found increased functional connectivity in ASD. This
finding is in agreement with an often overlooked predic-
tion in the original proposal of the underconnectivity

Figure 4.

Mean z0 scores for within and between-network connections. Error bars represent one standard error of the mean. *P < 0.05.
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theory by Just et al. [2004], which was considered to apply
only to task domains of processing weakness. However, the
underconnectivity theory also predicts that individuals with
ASD will show generally less dependence on frontal brain
regions, irrespective of task domain. Our results do not
support this prediction. In fact, our ASD group had equal
or greater connectivity for ROI pairs that included frontal
regions. Moreover, whole brain fcMRI analyses revealed
significantly increased connectivity in ASD between seeds
in occipital cortex and multiple frontal regions.

Our ROI-based fcMRI findings revealed intact and even
marginally increased within-network connectivity in ASD.
Likewise, between-network connectivity showed intact or
increased connectivity across all inter-network connections
in ASD. Further examination of between-network connec-
tivity revealed significantly increased functional connectiv-
ity between rTPJ and the dorsal network in ASD.
Deactivation or suppression of rTPJ during search has
been taken as evidence of filtering of task-irrelevant infor-
mation [Shulman et al., 2007; Wei et al., 2009]. One poten-
tial source of this top-down signal that biases attention for
task-relevant information and results in rTPJ suppression
is the dorsal attention network [Corbetta et al., 2008].
Additionally, our whole brain analysis revealed signifi-
cantly increased connectivity between rTPJ and bilateral

middle frontal gyri in ASD. MFG may play an important
role in linking rTPJ to the dorsal network and function to
transmit top-down signals between the dorsal network
and rTPJ [Corbetta et al., 2008].

Individuals, with ASD also showed increased connectiv-
ity between both attentional networks and occipital
regions compared to TD individuals. Specifically, ROI-
based analyses revealed that individuals with ASD had
significantly increased rIPS-visual and ventral-visual con-
nectivity, while whole brain analyses showed increased
connectivity within the occipital lobe and between occipi-
tal and frontal regions. Unusual activity in visual cortex
has been previously observed in ASD studies, suggesting
atypical reliance on visual-perceptual processes [Samson
et al., 2011]. Increased intraregional connectivity between
occipital ROIs in our study suggests increased involve-
ment and collaboration between visuo-perceptual areas.
However, our ASD group also showed increased connec-
tivity between occipital and frontal regions. This finding is
in agreement with previous studies reporting increased
functional connectivity [Noonan et al., 2009] and EEG co-
herence [Leveille et al., 2010] between visual-occipital and
frontal regions, inconsistent with the common view of
local overconnectivity being accompanied by long-distance
underconnectivity in ASD [Belmonte et al., 2004;

Figure 5.

Conjunction maps for the whole brain functional connectivity analysis for dorsal, ventral, and vis-

ual networks. Connectivity maps adjusted to a cluster significance threshold of P < 0.05. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Courchesne et al., 2007; Zikopoulos and Barbas, 2010].
Increased short- and long-distance functional connectivity
as measured by endogenous EEG coherence [Leveille et al.,
2010] and intrinsic [Noonan et al., 2009] and activation (cur-
rent study) fcMRI suggests that autistic functional brain or-
ganization may be associated with increased involvement of
visual-perceptual areas. This atypical network structure
may result in increased occipital activation [Samson et al.,
2011] and connectivity [Noonan et al., 2009] for nonpercep-
tual tasks, possibly related to ‘‘islets of ability’’ for tasks that
benefit from such increased visual-occipital participation.

A recent survey of fcMRI studies in ASD indicated that
activation fcMRI studies, which do not isolate intrinsic
BOLD fluctuations through task regression and low-pass
filtering, may be more likely to report underconnectivity
in ASD [Müller et al., 2011]. The results of this study,
which was methodologically similar to previous activation
fcMRI studies, suggest that the type of task may play an
additional important role. Furthermore, analyses examin-
ing intrinsic within- and between-network functional con-
nectivity (both ROI and whole brain analysis) failed to
show differences in connectivity between ASD and TD
groups (see Supporting Information). Underconnectivity
reports in the fcMRI literature on ASD may therefore
relate to selection of tasks tapping into domains of impair-
ment. For example, several activation fcMRI studies have
reported reduced frontal-parietal connectivity in ASD [e.g.,
Just et al., 2007; Kana et al., 2006]. Preserved dorsal net-
work connectivity in the ASD group of this study suggests
that underconnectivity between dorsal frontal-parietal
regions may have resulted from task selection and task-
related BOLD signal fluctuations [Jones et al., 2010] as
results from a resting-state fcMRI investigation have also
demonstrated intact dorsal frontal-parietal functional con-
nectivity in ASD [Kennedy and Courchesne, 2008].

Lastly, eye-tracking studies of visual search in ASD have
demonstrated that enhanced performance in ASD is associ-
ated with both reduced frequency [Kemner et al., 2008] and
duration [Joseph et al., 2009] of fixations [see Brenner et al.,
2007, for review]. Abnormal eye movements observed during
visual search may therefore relate to current activation and
connectivity findings. For TD adults, prior functional imag-
ing studies examining covert and overt visual search have
shown similar level of activation, but differences in effective
functional connectivity, for dorsal frontal-parietal regions
[Fairhall et al., 2009]. Although the current study did not col-
lect concurrent eye movement data, these prior imaging
results in TD individuals suggest that differences in connec-
tivity could be related to atypical patterns of eye movements
evidenced in previous studies of visual search in ASD. How-
ever, a definitive answer to this question can only be pro-
vided by fMRI studies with simultaneous eye-tracking.

Correlations With Autism Symptomatology

We found a correlation between increased search effi-
ciency and more severe symptomatology in our ASD

group, consistent with a previous report by Joseph et al.
[2009]. Additionally, while no association was seen between
sociocommunicative impairment and functional connectivity
measures, we did detect correlations with levels of activa-
tion. We observed that increased activation in the right mid-
dle frontal gyrus was related to greater sociocommunicative
impairment, consistent with findings reported by Gomot
et al. [2008] for auditory target detection. These authors
hypothesized that increased activation of the middle frontal
gyrus in association with sociocommunicative impairment
may be related to over-focused attention in ASD, which
could be beneficial during some nonsocial tasks such as vis-
ual search, but detrimental to the adaptive allocation of
attention during dynamic social interactions.

In addition, we found that reduced activation of left
intraparietal sulcus was related to greater ASD symptoma-
tology. Prior research has suggested that the parietal lobe
may be responsible for creating and maintaining a saliency
map, which is used to direct visual attention [Corbetta
and Shulman, 2002]. Therefore the inverse relationship
between activation of the left intraparietal sulcus and
sociocommunicative impairment may implicate a narrower
attentional focus [Townsend and Courchesne, 1994]. The
relationship between over-focused attention and increased
social impairment has been demonstrated elsewhere [Liss
et al., 2006] and suggests that abnormalities in domain-
general attention function may be related to ASD symp-
tomatology. While the functional and developmental sig-
nificance of this brain-behavior relationship has yet to be
fully understood, the association between behavioral and
neural indices of search efficiency and degree of social
impairment suggests that processing strengths in nonsocial
visuospatial processes may be related to the development
of core autistic sociocommunicative impairments.

Limitations

Although correlations between imaging measures and
ADOS scores identified in the current study are consistent
with previous findings of associations between ASD symp-
tomatology and visual search efficiency [Brock et al., 2011;
Joseph et al., 2009] as well as neurofunctional activation
[Gomot et al., 2008], our statistical analysis did not correct
for multiple comparisons. Therefore these results should
be interpreted with caution. Additionally, given the
maturational changes in behavioral performance and func-
tional activation and connectivity the wide range in age of
our sample may confound the results of the current inves-
tigation; however, additional statistical analyses including
age as covariate produced similar results suggesting that
between group differences are not attributable to age-
related changes of these measures.

CONCLUSION

The results of this study demonstrate intact or increased
activation functional connectivity in ASD for a task
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tapping into a processing strength. Prior intrinsic func-
tional connectivity studies have found evidence of both
increased and decreased functional connectivity in ASD
[Müller et al., 2011]. Our findings suggest that brain orga-
nization in ASD may not be characterized by general
underconnectivity, but by aberrant profiles of both
decreased and increased connectivity. Results of previous
visual search studies have linked superior visual search
abilities in ASD to enhanced perceptual functioning
[Caron et al., 2006; Joseph et al., 2009]. Increased intra-occi-
pital connectivity and long-distance occipital-frontal con-
nectivity in previous reports [Leveille et al., 2010; Noonan
et al., 2009] as well as the current study, could reflect a
mechanism for such enhanced perceptual functioning that
supports partially superior visual perceptual abilities in
ASD.

We found that behavioral and brain measures of search
efficiency were related to increased sociocommunicative
impairment. Over-focused attention, which may permit
individuals with ASD to excel at visual search, may have
costly repercussions when it comes to attending to rele-
vant information necessary to perceive subtle social cues
and successfully participate in rapid, dynamic social
interactions.
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